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Abstract 
A radiochemical assay was developed and optimised to measure 
the synthesis of juvenile hormone from the ring gland of Lucilia cuprina 
third (final) instar larvae. HPLC analysis showed the predominant 
product released from the ring gland corresponded to a diastereomer of 
juvenile hormone bisepoxide (JHB3). Trace amounts ( <1 % of the JHB3) of 
compounds which co-eluted with juvenile hormone three (JHIII) and 
6,7epoxy methyl farnesoate were also released. Glands incubated in the 
presence of farnesoic acid released increased levels of JHIII ( up to 20% of 
the JHB3). Methyl farnesoate was never found as a product of the gland. 
Measurements of hormone synthesis indicated that the JHB3 
synthetic pathway was regulated during the final instar by three levels of 
pathway inhibition. These consisted of a reversible neural inhibition 
early in the pathway found throughout the instar, developmental rate 
limitation or repression of early pathway enzymes at the onset of 
pupariation and neural inhibition of late pathway enzymes also 
occurring at the onset of pupariation. 
Nerve terminals in the_ corpus allatum were found to be 
immunoreactive to antisera directed against the molluscan neuropeptide 
FMRFamide. A gene encoding eighteen N-terminally extended 
FMRFamide peptides was isolated and sequenced. The encoded peptides 
were divided into subfamilies based on sequence similarities and a 
representative from each group was synthesised and tested for its effect 
on CA activity. In addition, other dipteran neuropeptides with RFamide 
C-terminal sequences were tested. None of the peptides had any effect on 
JHB3 synthesis. 
Methanolic larval brain extracts caused a dose-dependent 
inhibition of hormone synthesis. Adult head extracts contained an 
allatostatic peptide with the same characteristics as the larval brain 
extracts. A five step reverse-phase HPLC protocol was developed to 
isolate this peptide. Mass spectral analysis showed the purified peptide 
had a molecular weight of 3600KDa, sequence analysis found it to be N-
terminally blocked. The allatostatic peptide was not recognised by the 
RFamide antisera which reacted to products in the nerve fibres of the 
CA. 
Compounds which caused or mimicked an increase in cAMP 
(forskolin, IBJMX and 8-bromo cAMP) caused dose-dependent inhibition 
of JHB3 synthesis. Ionophore A23187, which is thought to increase 
intracellular calcium levels, stimulated hormone synthesis. Ionophore 
overcame the inhibition induced by 8-bromo cAMP and a model to 
explain how these compounds interact to regulate JHB3 synthesis is 
proposed. 
XIV . 
Chapter One 
General Introduction 
The class Insecta is the largest in the animal kingdom, 
accounting for over 90% of all living species. Whilst insects are essential 
for many biological processes including breakdown and recycling of 
organic material and pollination of plant species, they frequently 
compete directly with humans for biological resources. Currently insect 
pest populations are mainly controlled by chemical insecticides; 
however, the potency of these pesticides is often a function of non-species 
specific properties such as penetration, transport and metabolism (Menn 
and Borkovec, 1989) so they can be highly toxic to other species of insects, 
as well as to mammals, birds and fish. The importance of developing 
insect control strategies that do not affect non-target organisms is 
becoming realised, leading to an emphasis on selective biodegradable 
control agents. 
N europeptides direct many diverse functions in insects, 
controlling aspects of growth and development as well as metabolic and 
physiological processes (Evans et al., 1989). The targeting of functionally 
critical neuropeptides and their precursors is potentially a powerful way 
to design highly selective insect control agents. Such neuropeptides are 
attractive targets because they are species specific, are active at 
extremely low concentrations, can be easily engineered by gene 
technology and can be delivered directly to the insect through vector 
systems (Kelly et al., 1990). For the purpose of insect control, 
theoretically the most desirable neuropeptides are those which regulate 
the endocrine system, thus ultimately governing the outcome of a 
multitude of hormonally controlled vital processes (Menn and Borkovec, 
1989). 
The aim of this study was to identify and characterise 
neuropeptide regulators of the corpus allatum, an endocrine organ that 
synthesises juvenile hormone, in larvae of the Australian sheep blowfly 
Lucilia cuprina. This chapter introduces juvenile hormones and briefly 
reviews the evidence for regulation of juvenile hormone synthesis in the 
period preceeding metamorphosis in several insect species. It also 
describes the Australian sheep blowfly problem and summarises the line 
of research of this study. 
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1.1 Juvenile Hormones 
1.1.1 Function of juvenile hormones 
Juvenile hormone is so named because its presence during post 
embryonic development causes the growing insect to retain its immature 
characteristics until it reaches a stage appropriate for the differentiation 
of adult structures (Gilbert, 1980; Sridhara et al., 1978). However, in 
addition to this role it has many other functions, the best documented 
being the control of aspects of reproduction in adult insects (reviewed in 
Koeppe et al., 1985). It is also implicated in the regulation of 
polymorphism (Wigglesworth, 1970), larval diapause (Chippendale, 1977; 
Fukaya and Mitsuhashi, 1961; Yagi and Fukaya, 1974), ovarian 
diapause (Girardie et al., 1974), colouration (Girardie, 1967, 1975), 
locomotory activity (Caldwell and Rankin, 1972) and various aspects of 
behaviour (Truman and Riddiford, 1977). 
Insects grow via a series of developmental stages termed 'instars', 
the progression from one ins tar to the next being termed a 'moult'. 
During moulting the epidermis separates from the existing cuticle 
which then splits, allowing the emergence of the next instar. This instar 
then expands and a new cuticle hardens. In holometabolous insects the 
larval stages end with pupation, followed by metamorphosis and finally, 
the emergence in the adult form. 
In pre-adult insects it is the interplay of juvenile hormone and 
ecdysteroids which controls the progression from one developmental 
stage to the next. As the insect develops it synthesises and secretes the 
steroid hormone ecdysone. This is converted to the moulting hormone 
20-hydroxy ecdysone which, at a critical titre, elicits the moulting 
process. In the generalised model of insect development, based on 
studies of Lepidoptera, it is the titre of juvenile hormone which 
determines the outcome of the moult (Gilbert et al., 1980). A high 
concentration of juvenile hormone results in a larval-larval moult, a low 
concentration results in a larval-pupal transformation and pupal-adult 
metamorphosis proceeds in the absence of juvenile hormone. In the 
higher Diptera, regulation of juvenile hormone titre is vital to allow an 
orderly progression from one developmental stage to the next, although 
the role of juvenile hormone appears to be more complicated than that 
described in the generalised model of insect development. The role of 
juvenile hormones in the higher Diptera is discussed further in chapters 
three and seven. 
In adults the role of juvenile hormone varies between species. 
Generally it is involved with stimulation of vitellogenin uptake by the 
ovary-and/or vitellogenin synthesis by the fat body (Bell, 1969; Koeppe et 
al., 1985; Wyatt, 1990). 
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1.1.2 Chemistry of juvenile hormones 
All of the isoforms of juvenile hormone found in Insecta are 
acyclic sesquiterpenoid epoxides (Fig. 1.1). The first identified juvenile 
hormone-active compounds, isolated from abdomens of the silk moth 
Hyalophora cecropia in 1967 (Roeller et al., 1967), were methyl esters of 
10,11-epoxy-7-ethyl-3,ll-dimethyl-2,6-tridecadienoic acid and 10,11-epoxy-
3,7,ll-trimethyl-tridecadienoic acid. Several years later the natural 
juvenile hormone of the tobacco hornworn Manduca sexta and the 
grasshopper Schistocerca vaga (Judy et al., 1973) were identified as 
methyl 10,11-epoxy-3,7,ll-trimethyl 2,6-dodecadienoate (JHIII). 
Recently, Richard et al. (1989a) identified the predominant dipteran 
juvenile hormone as methyl 6,7;10,ll-bisepoxy-3,7,11-trimethyl 2,6-
dodecadienoate (JHB3). Other juvenile hormone homologues have been 
found in Lepidoptera (Bhaskaran et al., 1986; Baker et al., 1987). 
1.1.3 Biosynthesis of juvenile hormones 
Juvenile hormone biosynthesis occurs in specialised endocrine 
glands named the corpora allata (CA). The location of the CA differs 
between species but is generally i_n the region adjacent or posterior to the 
brain. In the larvae of higher Diptera the CA consists of a compact 
anterior, medial cluster of cells in the ring gland (Fig. 1.2) (King et al., 
1966; Meurant and Sernia, 1993). The ring gland lies dorsal to the brain 
hemispheres with its lateral extremities encircling the aorta (Dai and 
Gilbert, 1991). Nerves arising from the brain enter the gland at the 
posterior end (Day, 1943). 
Early steps in the synthesis of JHIII and JHB3 follow the pathway 
described for the initial steps in cholesterol synthesis in vertebrates (Fig. 
1.3). Exogenous precursors are converted to acetyl CoA in the 
mitochondria of the CA. Farnesyl pyrophosphate is synthesised from 
acetyl CoA via hydroxymethylglutaryl-CoA and mevalonate in a complex 
series of reactions similar to those found in liver cells during cholesterol 
biosynthesis. Farnesyl pyrophosphate is then dephosphorylated and 
reduced to farnesoic acid, a methyl group is donated by S-adenosyl 
methionine to produce me thy 1 farnesoa te, which is then further 
epoxidized to JHIII (Fig. 1.3). Although the sequence of the terminal 
enzymatic steps of the JHB3 pathway has not been established 
conclusively, Cusson et al. (1991) suggest that methyl farnesoate 
undergoes two epoxidation reactions to become JHB3 via either JHIII or 
6, 7 epoxy MF. This is discussed further in chapter three. 
1.1.4 Regulation of the corpora allata in pre-adult insects 
· The CA of all insects is extensively innervated (Feyereisen, 1985; 
Giebultowicz and Denlinger, 1985). It is connected to the corpus 
cardiacum (CC) by the nervi corporis allati (NCA I) and the CC is joined 
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0 
0 / JHB 3 
Figure 1.1. Structure of JHI, JHII, JHIII and JHB3 (Baker, 1990; 
Richards et al., 1989a). 
-4-
Figure 1.2. Scanning electron microscope image of the ring gland from 
an early wandering stage third instar L. cuprina larva showing its 
association with the brain (Br). The ring gland encircles the aorta (Ao); 
the corpus allatum ( CA) is located at the apex on a traverse tracheal 
trunk; the prothoracic gland (PG) is located at the sides of the 'ring', and 
the corpus cardiacum (CC) is situated at the base. 
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Figure 1.3. Features of the JHB3 pathway in Diptera (modified from 
features of the JHIII pathway in Tobe and Stay, 1985). Enzymes 
capable of the terminal steps after methyl farnesoate as described in 
this diagram have been shown to occur (L. I. Gilbert, personal 
communication, P.D. East, personal communication, East et al., 
1994). Other pathway sequences may also exist. 
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to the brain by the nervi corporis cardiaci (NCC I, II and III). NCC! 
derives from medial neurosecretory cells, NCC I I from lateral 
neurosecretory cells and NCI/I from tritocerebral neurosecretory cells. 
In some species the CA is also linked, via NCAII, to the suboesophageal 
ganglion. 
Both in vivo and in vitro experiments have shown the brain to be a 
vital component in the regulation of CA activity. The nature of this 
regulation can be either stimulatory (allatotropic) or inhibitory 
(allatostatic) and can act either neurally, humorally or by a combination 
of both. Examples of each type are given below. 
Humoral stimulation: An additional larval moult can be induced in 
Galleria mellonella by implantation of early last instar brains into late 
last instar larvae (Sehnal and Granger, 1975). The implanted brains 
appear to produce a neurohumoral allatotropic factor which stimulates 
juvenile hormone synthesis leading to the maintanence of the juvenile 
form. 
M. sexta starved in the final stadium undergo supernumerary 
larval moults (Lourdes et al., 1991; Bhaskaran and Jones, 1980). The 
extra moult is prevented by cautery of the medial neurosecretory cells, 
but is not prevented by severing the neural connections between the CA 
· and the brain. The authors suggest that starvation induces these cells to 
release an allatotropic signal which interferes with the normal 
inactivation of CA activity. 
Humoral inhibition: In the last larval stadium Manduca sexta larvae 
switch from producing juvenile hormone to the synthesis and release of 
juvenile hormone acids (Bhaskaran et al., 1990). This change is thought 
to be induced by an allatostatic factor released from the brain. 
In Diploptera punctata a 5-10 fold stimulation of juvenile hormone 
synthesis was observed when early last instar CA were transplanted into 
allatectomised adults. In the reciprocal experiment adult CA were 
inhibited when transplanted into last instar larvae, suggesting a 
humoral factor inhibits juvenile hormone synthesis in the larvae (Szibbo 
and Tobe, 1983). 
Neural stimulation: Severance of NCAI in early final instar Locusta 
migratoria larvae dramatically reduced juvenile hormone biosynthesis 
and extended the duration of the stadium, suggesting that a neuronally 
derived signal was necessary to maintain juvenile hormone synthesis 
during this period (Couillaud et al., 1984). 
- Diapause during the final larval stage of Diatraea grandiosella is 
maintained by actively secreting CA (Yin and Chippendale, 1979). 
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Severance of the nervous connections between the brain and CA disrupts 
this state suggesting that diapause is maintained by neural delivery of an 
allatotropic signal directing juvenile hormone synthesis. 
Neural inhibition: Severance of the neural connections late in the final 
instar of G. mellonella caused a considerable prolongation of the instar 
(Sehnal and Granger, 1975). Sehnal and Granger proposed that severing 
the- nerves prevented delivery of an allatostatic factor, allowing the 
secretion of low titres of juvenile hormone, which in turn delayed 
pupation. 
Denervation of the CA during the last instar of D. punctata 
increased the rate of juvenile hormone biosynthesis and resulted in a 
supernumerary larval moult (Szibbo and Tobe, 1983), suggesting the 
nervous connections were inhibiting CA activity. Subsequently, a family 
of neuropeptides have been isolated from adult heads which are thought 
to be the signal for this inhibition as they inhibit juvenile hormone 
synthesis in both adults and larvae (Woodhead et al., 1989, Pratt et al., 
1991). These neuropeptides are discussed in more detail in chapter six. 
In Diptera, juvenile hormone synthesis is much lower when 
brain-CA neural connections are in.tact (Richard et al., 1990; Duve et al., 
1992b). Brain extracts mimic this effect but co-incubation of brains and 
CA does not, suggesting the inhibition involves axonal transport of an 
allatostatic compound produced by the brain. 
1.1.5 Regulation of corpora allata in adult insects 
There have been many studies investigating the role of the brain in 
regulating CA activity in adult insects. Such studies have generally 
centred on decapitation experiments, brain neurosecretory cell 
cauterization and/or electrostimulation and incubations of brain-CA 
complexes (for reviews see Feyereisen, 1985; Khan, 1988). No consensus 
control mechanisms have emerged, possibly because juvenile hormone 
has such a diversity of roles in adult insects. Mechanisms appear to 
differ both within and between species at different developmental stages 
and in response to different environmental cues. In addition to the 
brain, the ovary also plays a major role in regulating juvenile hormone 
synthesis in adult females (for review see Feyereisen, 1985). 
1.1.6 Regulation of the juvenile hormone biosynthetic pathway 
No single rate-limiting step has been found in the juvenile 
hormone biosynthetic pathway. Rather, regulation appears to involve 
multiple steps, depending upon the species and developmental stage of 
the insect. 
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The sequence of steps in the synthesis of juvenile hormone from 
acetate has for the most part been elucidated (Fig. 1.3). As previously 
described, the early steps of the pathway, prior to the formation of 
farnesyl pyrophosphate, are common to the sterol biosynthetic pathway of 
vertebrates. In vertebrates the principal regulatory mechanism in the 
biosynthesis of the sterol, cholesterol, is the regulation of the activity of 
hy_droxymethylglutaryl-CoA (HMG-CoA) reductase, which catalyzes the 
irreversible reduction of HMG-CoA to mevalonate (Gibson and Parker, 
1987). Enzyme activity is modulated by reversible phosphorylation. 
Inactivation occurs through phosphorylation catalyzed by an ATP 
dependent protein kinase, while reactivation is achieved through 
removal of the covalently bound phosphate by a phosphoprotein 
phosphatase (Gibson and Parker, 1987). 
Despite the role of HMG-CoA reductase in the regulation of 
cholesterol synthesis, the possibility of it having an analogous role in 
juvenile hormone biosynthesis has received only limited attention. 
Monger and Law (1982) provide evidence that the HMG-CoA reductase of 
M. sexta undergoes phosphorylation and dephosphorylation in a fashion 
similar to that occurring in mammals. The concentration of the enzyme 
in the CA of this species generally parallels the ability of the gland to 
synthesise juvenile hormone (Kramer and Law, 1980; Bhaskaren et al., 
1986). However, high levels of HMG-CoA reductase activity have been 
found in glands not producing juvenile hormone (Monger and Law, 
1982). In D. punctata the activity of the enzyme declines 48 hours after a 
decline in juvenile hormone biosynthesis (Feyerisen and Farnsworth, 
1987). Interpretation of these results is complicated by the fact that the 
measured activity of the enzyme may not reflect its activity in the CA 
since the assay used does not discriminate between the phosphorylated 
and non-phosphorylated form of the enzyme. When the phosphorylated 
and non-phosphorylated forms can be distinguished, the level of 
participation of the enzyme in the regulation of juvenile hormone 
syn thesis will become clearer. 
The enzymatic step prior to HMG-CoA reductase, HMG-CoA 
synthase, has also been examined for a role in regulating juvenile 
hormone synthesis. In mated female D. punctata, the enzyme activity 
parallels JHIII synthesis until a peak five days after eclosion but does not 
decline until 24 hours after the decline in juvenile hormone biosynthesis 
(Couillaud and Feyereisen, 1991). In adult L. migratoria no relationship 
has been found between JHIII release and enzyme activity (Couillaud 
and Rossignol, 1991). These results suggest the synthase does not play a 
significant role in the regulating hormone synthesis. 
The juvenile hormone precursor farnesoic acid has been used to 
elucidate rate-limiting steps occurring late in the pathway by measuring 
changes in the rates of synthesis of juvenile hormone in its presence. If 
regulation of the pathway occurs prior to farnesoic acid, then an excess 
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of the precursor will overcome the limited synthetic capacity of the early 
pathway steps and juvenile hormone production will be stimulated. 
However, if regulation occurs after farnesoic acid then juvenile hormone 
synthesis in the presence of excess farnesoic acid will be the same as the 
spontaneous rate. Using this rationale, early enzymes have been found 
to be rate-limiting in D. punctata (Feyereisen et al., 1981), S. gregaria 
(T9~e and Pratt, 1976), L. decemlineata (Khan et al., 1982a) and 
D. melanogaster (Richard et al., 1989b). Regulation of the terminal 
enzymatic steps after farnesoic acid has been identified in certain 
developmental stages of D. punctata (Kikukawa and Tobe, 1986; Paulson 
and Stay, 1987a,b) and, after prolonged neural inhibition, in 
L. decemlineata (Khan et al., 1982a,b). 
In all species studied so far, the rate of juvenile hormone release 
from the CA has been proportional to the rate of juvenile hormone 
synthesis (Tobe and Pratt, 197 4a,b; Tobe and Stay, 1977; Lefevere et al., 
1993) suggesting that juvenile hormone release is not regulated. The 
hormone is believed to be exported by passive diffusion (Tobe and Pratt, 
197 4b), assisted in vivo by juvenile hormone binding proteins in the 
haemolymph. 
Control of juvenile hormone biosynthesis appears to involve 
secondary messengers. Agents implicated on the basis of the response of 
the CA are cAMP (Richard et al., 1990; Meller et al., 1985), calcium 
(Kikukawa et al., 1987) cGMP (Tobe, 1990) and phospholipid/calcium-
dependent protein kinase C (Feyereisen and Farnsworth, 1987). Second 
messenger systems involved in the regulation of juvenile hormone 
synthesis are described in detail in chapter four. 
1.1.7 Juvenile hormone metabolism 
Juvenile hormone titre is maintained by an equilibrium between 
synthesis and degradation. In many insect species it appears that 
synthesis is diminished but not abolished at the end of the final instar. 
Thus, an increase in juvenile hormone metabolism is necessary to 
reduce juvenile hormone titres to the low levels required for 
metamorphosis (Hammock, 1985). It is possible for degradation to occur 
after release from the CA by ester hydrolysis, epoxide hydration, 
oxidation or conjugation (Roe and Venkatesh, 1990). The primary route 
of metabolism in the hemolymph is ester hydrolysis by juvenile hormone 
specific esterases (DeKort and Granger, 1981; Roe and Venkatesh, 1990) 
with declining or low juvenile hormone levels almost always being 
associated with high juvenile hormone esterase activity. Esterase levels 
are thought to be regulated by a combination of juvenile hormone titre 
and neuroendocrine and environmental factors but the precise 
mechanism of regulation is not yet known (Roe and Venkatesh, 1990). 
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1.2 Lucilia cuprina 
1.2.1 L. cuprina as a pest 
L. cuprina (Order: Diptera; Division: Cyclorrhapha; Family: 
Ca-lliphoridae) is a medium sized, metallic green, oviparous fly, 
commonly known as the Australian sheep blowfly. It is responsible for 
the initiation of 80% of the cutaneous myiasis of sheep, known as 'blow-
fly strike', which annually causes tremendous suffering to livestock and 
direct and indirect losses of at least 200 million dollars to the Australian 
sheep and wool industry. The females are attracted to oviposit on areas 
of the sheep's fleece which have become moistened by faeces, urine or 
merely rain or dew. The young larvae feed on serous exudates but the 
older larvae attack the living tissue producing extensive lesions and 
sometimes death of the sheep. Other important primary flies responsible 
for fly strike are native species of Calliphora, particularly C. auger and 
C. novica. Once the strike is established, other 'secondary' species may 
be attracted and extend the infestation. The most important secondary 
fly is Chrysomya rufifacies, whose maggots not only compete with, but 
actively prey upon the primary maggots. 
The economic losses ca used by these flies are severe enough to 
warrant expensive control measures. 
1.2.2 Control of L. cuprina 
Historically synthetic organic compounds have been used to 
control L. cuprina. Unfortunately the short generation span of the 
blowfly means it is capable of rapidly developing resistance to such 
insecticides, as has occurred with cyclodienes, carbamates and 
organophosphates in the ten years between 1957 and 1967 (Roush and 
McKenzie, 1987). These insecticides pose additional problems as they 
lack specificity and are often toxic to other biota. These developments 
underscore the importance of an alternative control system. Juvenile 
hormone regulated processes are attractive targets for novel alternatives 
to traditional chemical insecticides because juvenile hormone isoforms 
are known only in arthropods and they are vital for insect development 
and reproduction. The system has already been targeted by insecticidal 
agents termed 'juvenoids'. These are JHIII agonists that can be 
extremely effective in the control of Heliothis in certain circumstances 
(Masner et al., 1987). 
Recently peptides originating in the nervous system have been 
found to regulate juvenile hormone biosynthesis in several species of 
adult -insects (Woodhead et al., 1989; Kataoka et al., 1989; Pratt et al., 
1991, see chapter five) and there is increasing evidence that CA 
regulatory neuropeptides are present in both the larvae and adults of 
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many insect species. These peptides are ideal targets for insect control 
because the sequences of those isolated to date appear to be genus specific 
and neuropeptides in general are products of a single gene, making 
them readily amenable to recombinant DNA and genetic engineering 
technologies. Vector systems which will allow their direct delivery to the 
insect are currently under development. 
1.3 Experimental introduction 
The aims of this research project were to define the pattern of 
juvenile hormone synthesis by the brain-retrocerebral complex during 
the final larval instar of L. cuprina and to use this information to identify 
and characterise neuropeptide regulators of juvenile hormone 
production. This study concentrated on the instar preceding 
metamorphosis, the most likely period of regulation of hormone titre (see 
section 1.1). 
A radiochemical assay for juvenile hormone was developed in 197 4 
to measure JHIII production in locusts (Tobe and Pratt, 197 4). Chapter 
two describes modifications to this assay and discusses its validity as a 
tool in the measurement of juvenile hormone synthesis in L. cuprina. 
The third chapter describes the developmental profile of juvenile 
hormone synthesis in L. cuprina third instar larvae and various levels of 
inhibition which regulate hormone synthesis. 
The roles of calcium ions and cAMP as second messengers in the 
regulation of juvenile hormone synthesis are described in chapter four 
and a model is proposed for their action. 
Chapter five describes an indirect approach to identifying the 
primary messengers of chapter three. Nerve terminals in the CA of 
third instar larvae were found to be immunoreactive to antisera directed 
against the neuropeptide FMRFamide. Chapter five describes the 
isolation and characterisation of the L. cuprina FMRFamide 
neuropeptide gene and the effect of the L. cuprina FMRFamide-like 
peptides on JHB3 synthesis. 
Chapter six describes further characterisation of the levels of 
neural inhibition identified in chapter three and the subsequent isolation 
and partial characterisation of an allatostatic peptide from methanolic 
head extracts. 
-Chapter seven contains a general discussion of this study and its 
relevance to other work in this area. 
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Chapter Two 
Development of a radiochemical assay to 
measure juvenile hor111one synthesis 
2.1 Introduction 
The aim of this study was to define the pattern of juvenile hormone 
synthesis by L. cuprina larval corpora allata and to use this information 
to identify and characterise neuropeptide regulators of juvenile hormone 
production. This chapter describes the radiochemical assay that was 
used to measure juvenile hormone synthesis (Fig. 2.1). This assay, based 
on that of Tobe and Pratt (197 4b), measures the incorporation of a tritium 
labelled methyl group from L-[methyl-3H] methionine into late juvenile 
hormone precursor molecules yielding labelled JHB3. Methionine 
donates the labelled methyl group to S-adenosyl methionine. The labelled 
methyl group is then incorporated into farnesoic acid which is 
subsequently methylated and epoxidated to JHB3 (see Fig. 1.1). The 
methionine pool in the CA is the principal methyl donor for hormone 
biosynthesis (Judy et al., 1973) and is believed to be extremely small so 
that it rapidly equilibrates with the radiolabelled methionine from the 
incubation mix in vitro (Feyereisen, 1985a). After a short lag period, 
during which equilibration is occurring, the specific activity of the 
hormone produced will thus be essentially equal to that of the labelled 
methionine added. Since juvenile hormone release is thought to occur by 
passive diffusion from the CA (Tobe and Pratt, 197 4b; Granger et al., 
1979), release as measured by the radiochemical assay is proportional to 
the rate of hormone synthesis. 
Feyereisen (1985a) outlined several requirements which should be 
fulfilled in order to validate the radiochemical assay of Tobe and Pratt 
(197 4b) for use in different species. These requirements were: 
1. The juvenile hormone synthesised in vitro must be identified. 
2. The culture medium must be optimised for pH and methionine 
concentration. 
3. Linearity of juvenile hormone synthesis and release for the 
duration of the assay should be established. 
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Figure 2.1. A schema tic diagram of the radiochemical assay used to 
measure juvenile hormone synthesis from L. cuprina ring glands. The 
ring gland is transferred into tissue culture media containing 
radiolabeled methionine (Met*). During a three hour incubation the 
radiolabel is incorporated into juvenile hormone bisepoxide (JHB3*). 
The labelled hormone is partitioned away from the methionine with 
isooctane which is then removed for liquid scintillation spectrometry. 
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In addition, the radioactivity from the methyl group should be 
shown to be incorporated in a fixed molar ratio, theoretically 1: 1 with the 
carbon skeleton of juvenile hormone. In the species where this has been 
analysed, labelled methionine has been shown to be the principal methyl 
donor under optimal conditions for the radiochemical assay (Feyereisen, 
1985a) with radioisotope being incorporated in a 1: 1 ratio (Judy et al., 
1973; Tobe and Pratt, 1974; Weaver et al., 1980; Feyereisen 1981; Cusson 
et al., 1990). Because of the consistency of these early findings, the 
stoichiometry of incorporation is thought to occur in a 1: 1 ratio in all 
insects and has rarely been investigated in subsequent studies. 
At the commencement of this study a version of the radiochemical 
assay used to measure JHBa synthesis from D. melanogaster had been 
published (Richard et al., 1989a). Numerous technical changes to this 
protocol were necessary to achieve reproducible results from the ring 
gland of L. cuprina. This chapter establishes the validity of the modified 
radiochemical assay as a tool to measure juvenile hormone synthesis in 
L. cuprina and demonstrates that JHBa is the the only known juvenile 
hormone isoform synthesised by the larval CA. 
2.2 Materials and Methods 
2.2.1 Animals 
L. cuprina were reared at 28°C under a 12 hour light/12 hour dark 
photoperiod, on a diet of fresh liver and crushed up blood and bone. The 
results in this chapter were obtained using isolated ring glands from 
third instar feeding stage larvae. 'Feeding' was defined as a period 
approximately 20 hours after the third larval moult, when larvae were in 
the food and possessed a fully distended crop. 
2.2.2 Dissection of ring glands 
In Diptera the CA is located in the anterior medial area of a 
specialised larval endocrine complex known as the ring gland which 
encircles the aorta. In addition to the cells of the CA the ring gland 
includes cells of the prothoracic gland, which form the lateral portions of 
the ring, and cells of the corpus cardiacum, which are located at the 
posterior end (see Section 1.1.3). 
The ring glands were dissected free by immersing the larvae in 
Lucilia dissection media (20mM Hepes, 150mM NaCl, 4mM KCl, 200mM 
sucrose, adjusted to pH 7 .2) and cutting off the anterior section of the 
larvae,. immediately posterior of the mouth parts, allowing the internal 
organs to spill out into the media. The ring gland, the segment of the 
aorta enclosed by it and the brain were dissected free as a complex. The 
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corpora allata were obtained by cutting through the lateral portions of the 
ring gland, freeing a section of tissue containing the CA, a segment of 
aorta and the remains of the prothoracic gland. 
2.2.3 Radiochemical assay 
Juvenile hormone synthesis was measured using a modified 
version of the radiochemical assay developed by Tobe and Pratt (1974b) as 
described below. Dissected ring glands were transferred to Car bow ax 
treated glass tubes (50 x 6 mm) containing 50µ1 of assay medium. The 
basic assay medium was Tissue Culture Medium 199 [Cytosystems] 
adjusted to pH 7 .2, containing Earles salts and L-glutamine, buffered 
with 20mM Hepes, and lacking methionine. This medium was 
supplemented with 20mM Ficoll 400 (Sigma), 3mM CaC12 , 40µM L-
methionine and tritiated L-[methyl-3H] methionine (Amersham, U.K., 
83.6 Ci/mmole) to a final specific activity of 2.16 Ci/mmole. The glands 
were incubated for three hours at 28°C with gentle shaking. Incubations 
were terminated by addition of 250µ1 ice-cold isooctane, followed by 
vigorous vortexing for two minutes and centrifugation at 2,000g for five 
minutes. A fraction of the isooctane phase ( 150µ1) was removed for liquid 
scintillation spectrometry. 
2.2.4 Construction of quench curve 
Count rates were corrected for background and quenching ~y 
reference to a standard quantity of tritiated JHIII (New England 
Nuclear) as described by Peng (1977). Since labelled JHB3 is not 
commercially available the quenching for JHB3 was assumed to be the 
same as that measured for JHIII. 
2.2.5 HPLC 
HPLC of the products from the radiochemical assay and synthesis 
of juvenile hormone-related standards was performed in collaboration 
with Professor Rod Rickards and Mr Alan Herlt of the Research School of 
Chemisty, ANU according to the following protocol. Tetrahydrofuran 
(Ajax Unichrom) was percolated through neutral alumina (Merck 1077) 
to remove polar impurities. Both tetrahydrofuran and hexane were 
redistilled before use. HPLC apparatus consisted of a Waters 660 solvent 
programmer controlling two Waters 510 pumps, a Rheodyne 7125 
injector with 100µ1 sample loop, a Waters 481 LC spectrophotometric 
detector set at 230nm and a Hewlett Packard 3380 integrator. The 
mixture of tissue extract and standards was separated on a Waters 
Porasil column (3.9 x 300mm) with a solvent flow rate of lml/min and 
two successive linear gradients of 2-8% tetrahydrofuran in hexane over 
45 minutes and 8-50% tetrahydrofuran in hexane over 30 minutes, the 
final composition then being held for 15 minutes. Fractions 
corresponding to the UV-detected standard peaks were collected 
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manually, as were 2ml fractions throughout the rema1n1ng elution 
profile. The fractions were evaporated under nitrogen, and reconstituted 
with 500µ1 of isooctane (HPLC grade, BDH). Scintillation fluid (5ml, 
Optiphase Hi-Safe II, LKB-Wallac) was added to each sample, which was 
then mixed thoroughly before counting. 
2.3 Results 
2.3.1 Identification of JHBa as assay product 
The products of the ring gland, as measured by the radiochemical 
assay, were analysed using HPLC by concurrently running synthetic 
standards, including methyl farnesoate, 6, 7 epoxy methyl farnesoate, 
JHIII and two diastereomers of JHB3 (fast and slow) with the organic 
phase from the radiochemical assay. Analysis revealed one major peak 
of radioactivity that co-eluted with the slower eluting diastereomer of 
JHB3 (Fig. 2.2). Trace amounts (<1 %) of radioactivity were found in the 
fraction co-eluting with synthetic 6,7 epoxy methyl farnesoate. 
Significant radioactivity appeared in the more polar materials that eluted 
with increased solvent polarity late in the chromatogram. The extent to 
which these materials represent tissue metabolites is not known, since 
they are partially artifacts formed by the decomposition of JHB3 during 
· handling, storage or chromatography (East et al., 1994). 
2.3.2 Optimising the culture media 
Previously it had been demonstrated that rates of juvenile hormone 
release from the CA of other insect species were dependent on the 
external methionine concentration (Tobe and Clark, 1985). In this study, 
the influence of methionine concentration on the rate of JHB3 synthesis 
by isolated ring glands of L. cuprina feeding larvae was investigated by 
incubating the glands in assay media containing different 
concentrations of L-methionine. Methionine concentration did affect the 
rate of JHB3 synthesis with optimal activity occurring at 40µM L-
methionine (Fig. 2.3). Synthetic activity declined significantly at higher 
and lower L-methionine concentrations. In all subsequent experiments 
a methionine concentration of 40µM was used. 
The capacity of ring glands to synthesise JHB3 at various pH 
values was examined by performing assays in culture media in which 
pH was varied by addition of lM NaOH or HCl. Mean biosynthetic 
activity was not significantly affected between pH 6.4 and 7.6 although the 
highest mean activity was at pH 7 .2 (Fig. 2.4). Although the system was 
tolerap.t to the range of pH levels tested, hormone biosynthesis below 6. 7 
and above 7.5 became more erratic. Accordingly, a pH of 7.2 was used for 
all subsequent experiments. 
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Figure 2.2. HPLC chromatogram of a mixture of radiolabelled metabolites, released by isolated ring 
glands from feeding larvae, and synthetic reference compounds. The bars indicate count rates in each 
fraction corrected for quenching and background, adjusted for the number of glands used and the 
duration of the incubation. The solid trace is the UV absorbance of the eluate due to reference 
compounds: 1 - Methyl famesoate; 2 - 6, 7 epoxy methyl famesoate; 3 - JHIII; 4 - fast and slow 
diastereomers of JHB3; P - products after acid treatment of the reference compounds. The bar 
indicating dpm is broken so as not to obscure the UV trace for the slow JHB3 peak. 
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Figure 2.3. Effect of external methionine concentration on 
JHB3 synthesis by ring glands of L. cuprina feeding stage 
larvae. Each point represents mean + SEM of 6-10 
determinations. 
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2.3.3 Linearity of juvenile hormone synthesis 
Linearity of JHB3 biosynthesis was established by incubating 
glands for up to five hours, terminating a proportion of the assays at 
hourly intervals (Fig. 2.5). Synthesis was linear for the duration of the 
experiment with a slope of 0.86 pmole/hr. No significant lag in hormone 
synthesis was found at the onset of the experiment (Fig. 2.5). For 
technical convenience an incubation period of three hours was used in 
all subsequent experiments. 
2.4 Discusmon 
In this study, HPLC analysis found that a single diastereomer of 
JHB3 was the major radiolabelled product released from L. cuprina ring 
glands. Subsequent micellar electrokinetic capillary chromatography 
resolved this to be the (2E,6S,7S,10R)-isomer (Herlt et al., 1993). This level 
of synthesis is in agreement with the work of Lefevere et al., ( 1993) who 
reported similar rates from L. cuprina using a strategy of gas 
chromatography and mass spectrometry to identify and quantitate the 
juvenile hormones released in the in vitro assay. 
Trace amounts of radiolabelled material co-eluted with 6, 7 epoxy 
methyl farnesoate. The attempted chemical conversion of the 
radioactivity from this fraction to JHB3 was unsuccessful (R. Rickards, 
personal communication) indicating that the compound contributing to 
the radioactivity was not 6,7 epoxy methyl farnesoate. The identity of this 
compound is as yet unknown. 
Except for more polar compounds known to be due, at least in part, 
to breakdown of JHB3 during the HPLC procedure (East et al., 1994), 
JHB3 accounted for >99% of radiolabelled products. Concurrent with this 
study Lefevere et al. (1993) reported that JHB3 was the only hormone 
released by the CA of L. cuprina adult females. They also found that 
approximately 5% of radioactive material that remained within the 
glands after performing the radiochemical assay co-migrated with 
JHIII, implicating this as an intermediate in JHB3 synthesis. 
This level of JHB3 release is a much higher proportion than that 
reported for other dipteran species. In C. vomitoria, although JHB3 was 
the predominant product from adult CA, trace amounts of methyl 
farnesoate and JHIII were also released (Duve et al., 1992b). In a 
separate study of juvenile hormone synthesis in C. vomitoria Cusson et 
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Figure 2.5. Time course of JHB3 biosynthesis from ring glands 
of third instar feeding larvae. Each point represents the mean + 
SEM of 6-10 determinations. 
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al. (1991) reported a slightly higher release of JHIII (up to 5%). In 
contrast, D. melanogaster ring glands produce 80% JHB3, 13% JHIII 
and 7% methyl farnesoate (Richard et al., 1989b), and CA from P. regina 
adult females produce a major compound presumed to be, but not yet 
conclusively identified as, JHB3 with 10% of radioactivity co-eluting with 
JHIII (Zou et al., 1989). It is not known if the JHIII released from these 
dipteran species has a hormonal role or if it is simply an intermediate in 
the synthesis of JHB3. A more detailed comparison of juvenile hormone 
synthesis with D. melanogaster, the only other dipteran species where 
synthesis from larvae has been investigated, is discussed in the following 
chapter. 
The optimum L-methionine concentration for incorporation into 
released JHB3 was around 40µM for L. cuprina ring glands. A similar 
association between external L-methionine concentrations and juvenile 
hormone synthesis has been found in other species (Richard et al., 1989a; 
Tobe and Clarke, 1985; Tobe and Pratt, 197 4; Cusson et al., 1990; Khan et 
al., 1982b; Weaver et al., 1980). At low methionine concentrations 
juvenile hormone synthesis is thought to be limited by the lack of 
appreciable stores of methionine or any other methyl donors in the CA 
(Tobe and Pratt, 1974b). It is not known why synthesis declines at higher 
concentrations. The optimum concentration varies considerably between 
species and reflects the variation in rates of juvenile hormone synthesis 
(Tobe and Clark, 1985). 
Varying pH from 6.4 to 7.6 did not markedly affect JHB3 synthesis 
by L. cuprina ring glands, but as the pH was varied away from 7 .2 the 
rate of JHB3 synthesis became more variable. A similar increase in 
variability has been reported in the CA of the desert locust where a more 
alkaline medium (pH 8.0) resulted in a 30% increase in hormone 
biosynthesis but the rate of synthesis became unpredictible (Tobe and 
Pratt, 197 4b). It is not known why this occurs. The pH indicator dye in 
tissue culture media 199 was monitored in all experiments to ensure that 
data were collected only from CA where the incubation medium 
remained between pH 6.4 and 7.6. 
Release of JHB3 from the CA of L. cuprina was linear for the five 
hour duration of the experiment suggesting that the CA remained viable 
over this time period and that incubation conditions were not limiting for 
synthesis. There was no measurable lag phase of hormone synthesis at 
the onset of the radiochemical assay. Generally, measurable juvenile 
hormone synthesis is delayed whilst the endogenous methionine pool is 
dilute4 with radiolabelled precursor (Feyereisen, 1985a). The absence of 
a lag phase in L. cuprina larvae implies that the ring gland contains 
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very low endogenous levels of methionine and that methionine diffuses 
from the medium into the ring gland very rapidly. 
In conclusion, this chapter validates the use of the modified 
radiochemical assay to measure juvenile hormone synthesis of 
L. cuprina ring glands by meeting the criteria described by Feyereisen 
(1985a) and outlined in the introducion to this chapter. JHB3 was 
identified as the in vitro product of the CA and optimal culture conditions 
were determined for use in future experiments. 
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Chapter Three 
Regulation of juvenile hormone synthesis 
in L. cuprina 
3.1 Introduction 
Juvenile hormone III bisepoxide (JHB3) was first identified as a 
product of the CA in D. melanogaster in 1989 (Richard et al., 1989a). 
Subsequently, the ability of the CA to synthesise this compound has been 
reported in many of the higher Diptera (Cusson et al., 1991; Lefevere et 
al., 1993; Richard et al., 1990; East et al., 1994). Prior to this discovery, it 
had been presumed that JHIII was the dipteran juvenile hormone and 
studies had centred on its characterisation. Measurements of JHIII 
hemolymph titre using a variety of methods found the compound was 
present in D. melanogaster but not in other higher dipteran species 
including Musca domestica, Sarcophaga bullata and Calliphora vicina 
(Baker et al., 1990). The methods used in these studies would not have 
detected JHB3 (Riddiford, 1993). In D. melanogaster JHIII was found at 
low levels during larval stages which decreased in the early to mid-third 
instar with a transient peak just before pupariation; the hormone was 
then absent until adult eclosion (Sliter et al., 1987; Bownes and Rembold, 
1987). As yet there have been no reports of JHB3 being present in the 
haemolymph of any dipteran species. The relative importance of these 
two juvenile hormones in higher Diptera has yet to be determined and is 
discussed further in chapter seven. 
The role of juvenile hormones in the higher Diptera is far from 
clear. In D. melanogaster, topical application of JHIII and JHIII 
analogues during the final instar does not result in a supernumerary 
moult (Postlethwait, 197 4) as it does in other holometabolous insect 
species. It does however severely disrupt differentiation of the abdominal 
histoblasts, these being the only cells determined for adult structures 
which have not completed their cell division by the end of the final instar 
(Riddiford and Ashburner, 1991). In addition, application of JHIII 
during the first instar, prior to cell proliferation in the imaginal disks, 
disrupts differentiation of other adult structures. Thus, whilst the effects 
of topically applied juvenile hormone do not conform precisely to those 
predicted by the generalised model of insect development (Gilbert et al., 
1980), regulation of juvenile hormone titre in dipteran larvae is essential 
to allow an orderly progression from one developmental stage to the next. 
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There have been very few studies describing the regulation of CA 
activity in Diptera. In adult female C. vomitoria and L. cuprina, JHB3 
synthesis is very low until protein feeding (Duve et al., 1992b; Lefevere et 
al., 1993), following which hormone production rises concurrent with the 
initiation of oocyte development. In the final instar of D. melanogaster, 
JHB3 synthesis peaks at wandering stage then declines at the onset of 
pupariation (Richard et al., 1989b). Additionally, synthesis is inhibited in 
the presence of either intact brain-CA connections or brain extracts, 
suggesting that hormone production is regulated by signals originating 
in the brain. The juvenile hormone precursor farnesoic acid overcame 
this inhibition and resulted in an accumulation of methyl farnesoate in 
the incubation medium implying that the brain regulates one of the 
enzymes involved in the conversion of methyl farnesoate to JHB3 
(Richard et al., 1989b). These results led Richard et al. (1989b) to suggest 
a dual mechanism of brain-centred control of JHB3 synthesis by the 
regulation of two separate steps in the biosynthetic pathway, one before 
farnesoic acid and the other an inhibition of the epoxidase enzyme which 
acts on methyl farnesoate. 
This chapter describes the regulation of JHB3 synthesis during the 
final larval instar of L. cuprina as a prelude to the isolation and 
characterisation of factors regulating JHB3 synthesis. 
3.2 Materials and Methods 
3.2.1 Animals 
Developmental stages during the third larval instar were defined 
as follows (Fig. 3.1): 'early feeding' were larvae immediately after 
second instar moult; 'feeding' occurred approximately 20 hours later 
and was characterised by a crop full of food and presence of the larvae on 
the food; 'wandering' were larvae 44 hours into the instar when they had 
left the food and emptied their crop; 'white prepupae', occurred 68 hours 
after the third instar moult and were identified by the cessation of motile 
activity and condensation of larvae to the prepupal form. 'Tanning 
prepupae' followed within an hour and were characterised by a gradual 
tanning of the larval cuticle. 
3.2.2 Radiochemical assay 
JHB3 biosynthesis was measured using the radiochemical assay 
described in chapter two. 
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Figure 3.1. Profile of developmental events during the lifecycle of L. cuprina. Arrows indicate 
developmental stages sampled for juvenile hormone synthesis . 
3.2.3 Brain extracts 
Brains from feeding stage larvae were dissected under buffered 
saline and immediately transferred to a microfuge tube on dry ice. For 
most experiments 100-200 brains were collected and stored at -70°C until 
use-: Tissue was extracted by adding 250µ1 boiling water per 100 brains to 
the microfuge tube which was immediately placed in boiling water for 20 
minutes. The boiled tissue was homogenised in the microfuge tube with 
a hand-held homogeniser and the homogenate was centrifuged at 
13,000g for 15 minutes in a microfuge. The supernatant was applied to a 
Sep-Pak C-18 reverse phase cartridge. The cartridge was washed with 
8ml water/0.1 %trifluoroacetic acid (TFA) and bound material was eluted 
with 2mls of methanol/0.1 % TFA. This methanolic eluate was stored 
until required at -20°C, at which time aliquots containing varying 
numbers of brain equivalents were dried to completion and resuspended 
in assay medium. 
3.2.4 Precursor and HPLC studies 
Farnesoic acid (a gift of Prqfessor Rod Rickards, Research School 
of Chemistry, Australian National University) was included in the assay 
medium as a 30µM solution in 0.1 % DMSO. Control incubations in 0.1 % 
DMSO alone had no effect on basal rates of JHB3 synthesis. 
Mevalonolactone was added as an aqueous solution. During the period of 
the radiochemical assay concentrations of mevalonolactone greater than 
lOmM slowly acidified the medium and so incubations were performed 
with lOmM mevalonolactone and terminated after 2.5 hrs at a pH of 
approximately 6.9. Previously a pH change from 7.2 to 6.9 had been 
shown not to significantly alter the rate of JHB3 synthesis (Fig. 2.4). 
HPLC analyses of the products released by the ring gland or brain-
ring gland complexes were performed in collaboration with Rod 
Rickards and Alan Herlt (Research School of Chemistry, Australian 
National University) as described in chapter two. 
3.3 Results 
3.3.1 Developmental Profile 
Rates of JHB3 synthesis were determined for isolated ring glands 
and intact brain-ring gland complexes at various times during 
development of the last larval instar, up to and including pupariation 
(Fig. 3;2). Overall patterns of JHB3 synthesis were similar in both cases, 
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with rates of production reaching a peak in feeding and wandering stage 
larvae then declining abruptly at pupariation. However, the quantity of 
JHB3 released by isolated ring glands was five to ten times greater than 
that from brain-ring gland complexes at the same developmental stage 
(Fig. 3.2). The difference was apparently due to inhibition by intact 
neural connections, as ring glands co-incubated with brains after 
severing all neural connections between the two tissues, released JHB3 at 
the same rate as ring glands incubated alone (Fig. 3.3). The neural 
inhibition was apparently rapidly reversible, since the rate of JHB3 
release showed no measurable lag phase in the period immediately 
following nerve severance, then remained constant for at least five hours 
(Fig. 2.5; nerve severance occurred at time 0, during dissection of the 
ring glands). 
3.3.2 Effect of brain extracts 
Partially purified brain extracts caused a dose-dependent 
inhibition of JHB3 production by isolated ring glands (Fig. 3.4). The 
method of extract preparation required that the allatostatic factor 
survived prolonged boiling, was methanol soluble and could be 
fractionated by reverse phase chromatography on a C18 support; all 
properties characteristic of a peptide. Activity was completely restored 
when glands were transferred to fresh media after a two hour incubation 
in the presence of brain extract (a more comprehensive characterisation 
of brain extracts is reported in Chapter 6). 
3.3.3 Effect of Farnesoic Acid 
The effect of the JHB3 pathway intermediate farnesoic acid on 
glands of high (feeding larvae) and low (prepupae) synthetic activity was 
tested. Addition of the precursor to the incubation medium dramatically 
increased JHB3 production by both isolated ring glands and brain-ring 
gland complexes from feeding larvae, and by isolated ring glands from 
prepupae, but had no effect on brain-ring gland complexes from 
prepupae (Fig. 3.5). This additional inhibition of the prepupal glands 
must be neurally mediated since ring glands co-incubated with 
individual brains were stimulated to the same level as ring glands alone. 
The rate of hormone synthesis from isolated prepupal glands in the 
presence of farnesoic acid was constant for three hours although the 
level of stimulation declined slightly after four hours, possibly due to 
limitations in precursor supply (Fig. 3.6). A regression line fitted to the 
data for the first three hours of incubation extended through the origin 
(Fig. 3.6) indicating that the inhibition preventing stimulation by 
farnes~ic acid was immediately overcome when the nervous connections 
between the ring gland and the brain were severed. 
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Figure 3.2. Developmental profile of JHB3 biosynthesis by ring 
glands of third instar larvae. Rates from isolated ring glands 
and brain-ring gland complexes are shown. Incubations were 
for 3 hours at 28°C. Each column represents the mean ± SEM 
of 8-12 determinations. 
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Figure 3.3. Developmental profile of JHB3 synthesis by ring 
glands of third instar larvae. Rates from isolated ring 
glands and brains co-incubated with ring glands (nervous 
connections severed) are shown. Each column rep res en ts 
the mean + SEM of 6-8 determinations. 
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3.3.4 Effect of Mevalonolactone 
To further delimit rate-limiting steps in the JHB3 pathway, glands 
were incubated in the presence of lOmM mevalonolactone. Although 
mevalonate, rather than mevalonolactone, is the in vivo precursor in 
juvenile hormone biosynthesis, it has a limited ability to penetrate the 
cells of the CA (Feyereisen and Farnsworth, 1987). Exogenous 
mevalonolactone partially overcomes this problem and it has been used 
as a precursor in studies of juvenile hormone biosynthesis in Locusta 
migratoria (Couillaud, 1991) and Blattella germanica (Piulachs and 
Couillaud, 1992). In the presence of mevalonolactone, JHB3 synthesis 
exceeded spontaneous rates from feeding larval ring glands and brain 
ring gland complexes and from prepupal ring glands (Fig. 3. 7). The 
effect of mevalonolactone on brain-ring gland complexes from prepupae 
was not determined because of the additional developmental regulation 
occurring late in the pathway in this preparation. 
3.3.5 HPLC 
Incorporation of L-[methyl-3H] methionine into late pathway 
intermediates during the radiochemical assay and subsequent HPLC 
separation, allowed quantification of the ratio of juvenile homone-related 
compounds produced under different environmental conditions and 
during different developmental stages. Reference compounds selected as 
likely products of juvenile hormone biosynthesis included methyl 
farnesoate, 6,7epoxy methyl farnesoate, JHIII and two diastereomers of 
JHB3 (fast and slow). In all tissue incubations the dominant radioactive 
product co-eluted from the HPLC column with the slower eluting 
diastereomer of the synthetic JHB3 (Table 3.1, Fig. 2.2). Radioactivity 
carried with the faster eluting bisepoxide dias tereomer in no case 
exceeded 6.0% of that carried by the slower diastereomer (Table 3.1) and 
probably represents minor cross contamination of these adjacent 
chromatography fractions (Fig. 2.2) rather than any lack of 
stereospecificity of the farnesoate epoxidase enzyme systems. 
Radioactivity co-eluting with synthetic JHIII never formed more than 
2.2% of the radioactivity of the JHB3 fraction, except in the presence of 
farnesoic acid, where the percentage increased to a maximum of 20% 
(Table 3.1). Extracts from tissue incubations invariably showed low 
levels of radioactivity co-eluting with synthetic 6, 7epoxy methyl 
farnesoate and methyl farnesoate (Table 3.1). However, the identity of the 
compounds eluting with the JHIII standards in the absence of farnesoic 
acid and with the 6,7epoxy methyl farnesoate standard in all 
experiments is not known. Chemical conversion of these fractions to 
JHB3 converted the standards but not the radioactivity indicating the 
radioactivity was not the same chemical as the standards. The counts 
recovered in JHIII in the presence of farnesoic acid could be converted to 
JHB3 using the same method. 
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Figure 3. 7. The effect of mevalonolactone on juvenile hormone 
synthesis from isolated ring glands and brain-ring gland 
complexes of third instar larvae at different developmental 
stages. Incubations were for 2.5 hours at 28°C. Each column 
represents the mean+ SEM of 8-12 determinations. 
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Table 3.1. Effects of developmental stage, neural connections to the brain and exogenous farnesoic acid on the 
distribution of radiolabel in juvenile hormone-related compounds released by L. cuprina CA. 
Radioactivity co-eluting with reference compounds* 
Developmental Experimental Methyl 6,7 epoxy JHIII JHB3 JHB3 
stage conditions# Farnesoate Methyl (10,11 (fast (slow 
Farnesoate Methyl isomer) isomer) 
Farnesoate) 
Feeding Ring gland 0.1 1.3 0.1 2.6 100 
Feeding Complex 0.2 4.7 2.2 4.1 100 
Feeding Ring gland + FA 1.3 3.7 20.0 4.0 100 
Prepupae Ring gland 0.0 0.7 0.4 2.7 100 
I 
Prepupae Complex 0.8 8.6 1.6 2.7 100 
Prepupae Ring gland + FA 4.3 3.2 16.1 6.0 100 
# Complex indicates brain-ring gland complexes, +FA indicates the addition of farnesoic acid to the incubation 
medium. * Data are the count rates in each fraction, expressed as a percentage of the count rate of the slower 
eluting JHB3 diastereomer. 
3.4 Discussion 
In principle, JHB3 synthesis might be regulated at the level of 
precursor supply, quantity or activity of pathway enzymes or release of 
the hormone from the CA. From this study it can be inferred that 
precursor supply is not limiting, as isolated ring glands produce 
considerably more JHB3 than brain-ring gland complexes. Thus, since 
JHB3 is not stored in the CA of L. cuprina but apparently is secreted 
almost immediately (Lefevere et al., 1993), the regulated hormone 
synthesis observed in vitro presumably is achieved by alterations to the 
activity or concentration of key enzymes in the pathway. Potentially rate 
limiting enzymes can be identified by incubating CA in the presence of 
juvenile hormone pathway intermediates (Tobe and Feyereisen, 1983). 
The intermediates by-pass regulation of enzymatic steps leading to their 
synthesis. Therefore, increases in hormone production in the presence 
of these compounds indicate that key regulatory enzymes occur before 
them in the pathway. In this study farnesoic acid and mevalonolactone 
are used for this purpose. 
Results presented in this chapter provide evidence for at least three 
different levels of inhibitory regulation acting on JHB3 synthesis during 
the final larval stadium of L. cuprina. The first of these is demonstrated 
by a change in the developmental profile of JHB3 synthesis by isolated 
ring glands during the third instar which is clearly independent of 
neural input. Initially there is a 33% increase in activity following the 
moult from second to third instar, with maximal synthesis occurring 
during the feeding and wandering stages. This is followed by a dramatic 
decrease in activity as the insect stops motile activity and pupariation 
commences. D. melanogaster is the only other dipteran species where 
juvenile hormone synthesis has been measured during larval 
development. This species shows a similar pattern of juvenile hormone 
release from the ring gland during the final instar, but the reduction in 
synthesis occurs after puparium formation (Richard et al., 1990), 
significantly later than in L. cuprina. This difference in the timing of 
inhibition of JHB3 synthesis may be a consequence of differences in 
timing of juvenile hormone-sensitive events between the two species. 
Alternativiely it may reflect a difference in roles for the hormone, with 
an absence of JHB3 being important for certain functions at the prepupal 
stage in L. cuprina. The significance of this result awaits the 
determination of the function of this hormone during development in 
these species. 
Both farnesoic acid and mevalonolactone stimulated the isolated 
ring glands from L. cuprina prepupae to a far greater extent (6-10 fold) 
than the glands from feeding larvae (2-4 fold). As a result, the level of 
hormone synthesis in prepupae approached that of feeding larvae, 
suggesting that this first level of regulation acts at an enzymatic step 
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preceding the formation of mevalonate in the biosynthetic pathway. This 
is consistent with the observation that this developmental regulation does 
not affect the ratio of late pathway metabolites released from the ring 
gland (Table 3.1). 
The second level of juvenile hormone pathway regulation was a 
rapidly reversible neural inhibition, reflected in the 4-10 fold difference 
between JHB3 synthesis from isolated ring glands and brain-ring gland 
complexes at all stages of the final instar. The neural regulation caused 
rate limitation of an enzymatic step before mevalonate in the biosynthetic 
pathway, as shown by a stimulation of hormone synthesis from brain-
ring gland complexes of feeding larvae in the presence of both farnesoic 
acid and mevalonolactone. This result is supported by the observation 
that the inhibition does not change the proportion of late pathway 
metabolites released from the ring gland (Table 3.1). Partially purified 
brain extracts from feeding stage larvae contained an allatostatic 
factor(s) with similar site of action and reversibility as this second level of 
regulation and with properties expected of a small peptide. The 
regulatory factor is probably neuronally delivered, as co-incubating 
brains with ring glands did not inhibit JHB3 synthesis. Presumably the 
allatostatic factor did not leach from the brains in sufficient amounts to 
have a detectable effect on JHB3 production by the CA. 
The third type of regulation was characterised by lack of 
stimulation of JHB3 synthesis from prepupal brain-ring gland complexes 
in the presence of farnesoic acid, in contrast to the 12-fold stimulation of 
isolated ring glands from the same developmental stage. This finding 
suggests a neural inhibition of one or more enzymatic steps after 
farnesoic acid in the biosynthetic pathway, acting only at the onset of 
pupariation. In higher Diptera the precise sequence of enzymatic 
reactions leading from farnesoic acid to JHB3 is not known. Cusson et 
al. (1991) suggested that farnesoic acid is converted to methyl farnesoate 
by the enzyme o-methyl transferase, after which methyl farnesoate 
undergoes two epoxidation reactions to become JHB3, via either JHIII or 
6, 7 epoxy methyl farnesoate. The absence of methyl farnesoate as a 
product of L. cuprina prepupal brain-ring gland complexes suggests that 
the third level of regulation is an inhibition of the transferase enzyme. 
This neural regulation, occurring late in the biosynthetic pathway and 
late in development, has not previously been described in other dipteran 
species, although inhibition of o-methyl transferase has been reported in 
the final instar of the cockroach, D. punctata. In D. punctata, juvenile 
hormone synthesis by third and early fourth (final) instar larvae can be 
stimulated by farnesoic acid, but in the latter half of the final instar the 
CA no longer respond to the compound (Kikukawa and Tobe, 1986; 
Paulson and Stay, 1987), a result attributed to regulation of the methyl 
transferase enzyme (Yagi et al., 1990). 
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The brain of D. melanogaster inhibits JHB3 biosynthesis during all 
stages of the final instar, presumably by axonal transport of an 
allatostatic substance (Richard et al., 1990). This type of regulation is 
apparently different to both types of neural inhibition found in 
L. cuprina. In D. melanogaster methyl farnesoate accumulates in the 
incubation medium of brain-ring gland complexes but not of ring glands 
alo~_e, suggesting that the brain secretes an allatostatic factor which 
regulates the epoxidase enzymes (Richard et al., 1990). In L. cuprina 
there is no evidence for regulation of these enzymes or for regulation of 
any enzymatic steps after farnesoic acid until the larvae condense in 
preparation for formation of prepupae. 
The accumulation of JHIII in the medium when glands were 
incubated in the presence of farnesoic acid has implications for the 
sequence of steps responsible for conversion of farnesoic acid to JHB3. In 
most insect orders (other than Lepidoptera) the sequence of enzymatic 
steps is thought to be farnesoic acid -+ methyl farnesoate -+ JHIII 
(Schooley and Baker, 1985). This is believed to be the case in the 
mosquito, a lower dipteran which does not produce JHB3 (Richard et al., 
1989a). The accumulation of JHIII in the assay medium of farnesoic 
acid-stimulated glands from L. cuprina shows that enzymes responsible 
for methylation and epoxidation of farnesoic acid to JHIII are functional 
in the CA. This suggests an additional epoxidation reaction has been 
added to the apparent ancestral sequence, to produce JHB3 from JHIII. 
Further work is required to determine if the alternative route via 
6, 7 epoxy methyl farnesoate, suggested as a possibility by Cusson et al. 
(1991), is also possible. 
In summary, this study implicates three levels of inhibition in 
regulation of JHB3 synthesis in the final instar of L. cuprina (Fig. 3.8). 
Firstly, there is reversible neural inhibition early in the pathway, found 
throughout the instar. Secondly, there is either developmentally 
regulated rate limitation or repression of early pathway enzymes at the 
onset of pupariation. Thirdly, there is neuronally-mediated inhibition, 
most probably of the o-methyl transferase enzyme, again occurring at the 
onset of pupariation. The sum of these inhibitory effects would be 
expected to effectively block all JHB3 synthesis immediately prior to 
metamorphosis. It is evident that this reduction is important, since two 
separate mechanisms affect different steps in the biosynthetic pathway, 
specifically to inhibit hormone production at this time. 
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Figure 3.8. Summary of the levels of regulation acting on the 
L. cuprina juvenile homone pathway during the final instar. 1: 
Reversible neural inhibition found to some degree at all 
developmental stages. 2: Developmentally regulated inhibition at the 
onset of pupariation. 3: Neural inhibition of a final enzymatic step at 
the onset of pupariation. 
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Chapter Four 
- Involvement of the second messengers 
calcium and cAMP in the regulation of 
juvenile horn1one biosynthesis 
4.1 Introduction 
In the previous chapter evidence for both developmental and 
neural regulation of JHB3 synthesis from the CA was presented. The 
results of this work prompted a preliminary investigation of the 
intracellular second messenger pathways that might mediate these 
regulatory signals. Ultimately information about the various second 
messenger systems will help to explain the interaction of the primary 
signals and how they are co-ordinated to regulate JHB3 synthesis. 
In cockroaches the brain exerts mainly inhibitory effects on the 
activity of the CA, a system apparently analogous to that found in 
Diptera. Although the cockroach studies are primarily on adult female 
Diploptera punctata and the dipteran studies are on final instar 
Drosophila melanogaster, the second messenger systems involved in 
regulation of CA activity appear to be similar in both species. Both 
involve a cyclic nucleotide/Ca2+ system, the mechanism of which is not 
fully understood. 
The cyclic nucleotide cAMP has been implicated as an allatostatic 
second messenger by a number of studies. Levels of the compound 
fluctuated in the CA of D. punctata mated females, with high levels being 
associated with low juvenile hormone synthetic rates and vice versa 
(Meller et al., 1985). Furthermore, juvenile hormone synthesis was 
found to be rapidly and reversibly inhibited when glands were incubated 
in the presence of compounds which caused or -mimicked an elevation in 
intracellular cAMP concentration in both D. punctata (Meller et al., 1985) 
and D. melanogaster (Richard et al., 1990). These compounds included 
the adenylate cyclase activator, forskolin, the phosphodiesterase 
inhibitor, IBMX, and the cAMP analogue, 8-benzoyl-cAMP. More 
detailed studies of the effect of forskolin on juvenile hormone synthesis in 
D. punctata showed the response to be dependent on the stage of 
development of the insect, such that a greater percentage inhibition was 
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associated with developmental stages with more active CA (Meller et al. , 
1985). 
In D. punctata, Aucoin et al. (1987) found that brain extracts which 
inhibited juvenile hormone production, elevated cAMP levels in cells of 
the -· CA in a dose dependent manner. Interestingly, elevated 
extracellular calcium substantially reduced the inhibitory effect of the 
brain extract without affecting the elevated cAMP levels, implying that 
calcium was overriding the cAMP dependent inhibition. 
Whilst there is evidence for cAMP as a second messenger in 
D. punctata there are most likely cAMP independent pathways also 
capable of reducing juvenile hormone synthesis. Evidence for this is the 
activity of a family of allatostatic peptides isolated from the cockroach 
which inhibit juvenile hormone synthesis without apparently eliciting 
changes in the levels of cAMP in cells of the CA (Cusson et al., 1992). 
In D. punctata, juvenile hormone production is also affected by 
external calcium concentrations, with maximal rates of synthesis in the 
presence of 3-5mM Ca2+ and an a~most total inhibition of production in 
calcium free media (Kikukawa et al., 1987). This inhibition is reduced by 
transferring CA to media containing calcium or by the addition of 
farnesoic acid. Richard et al. (1990) also report a dependence on external 
calcium for juvenile hormone biosynthesis in D. melanogaster, with 
hormone synthesis being inhibited in calcium free media. This 
inhibition is completely abolished by the inclusion of farnesoic acid. 
Further evidence for the importance of calcium as a second 
messenger in the CA of D. punctata was reported by McQuinston and 
Tobe (199la,b). They found that depolarising current injections into the 
cells of the CA in the presence of voltage-dependent calcium channel 
blockers (verapamil, cobalt, cadmium), or the intracellular calcium 
chelator BAPTA/AM, caused multiple action potentials in comparison to 
the single action potentials observed in the controls. They suggested that, 
following the induced action potential, calcium dependent outward 
conductance was responsible for decreasing the excitability of the cells. 
Then, in the presence of calcium channel blockers or BAPTA/AM, where 
the outward conductance was prevented, the cells remained excited. In 
another study the same authors found they could excite cells of the CA by 
replacing calcium with barium ions in the incubation media and that the 
cAMP analogue 8-bromo cAMP and the protein kinase C activator 
phorbol 12,13-dibutyrate (PDBu) further increased this excitability. The 
analogue, 8-bromo cAMP caused a rapid and dose dependent inhibition 
of juve?ile hormone synthesis in both D. punctata (Meller et al., 1985) 
and D. melanogaster (Richard et al., 1990) and PDBu inhibited juvenile 
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hormone synthesis in D. punctata (Feyereisen and Farnsworth, 1987). 
McQuinston and Tobe suggested that cAMP and protein kinase C inhibit 
juvenile hormone synthesis by modulating calcium flux. Calcium flux is 
further implicated in the regulation of CA activity by the effect of the non-
specific calcium channel blocker lanthanum. This compound is a potent 
inhibitor of juvenile hormone synthesis in both D. punctata (Kikukawa et 
al., 1987) and D. melanogaster (Richard et al., 1990). 
There have been only limited studies of second messenger 
pathways regulating juvenile hormone synthesis in species other than 
D. punctata and D. melanogaster. A 13 amino acid neuropeptide has 
been isolated from Manduca sexta which stimulates juvenile hormone 
synthesis in adult females (Kataoka et al., 1989). This allatotropin 
induces phosphoinositide hydrolysis leading to an increase in inositol 
phosphates in cells of the CA (Reagan et al., 1992). Generally, the 
inositol phosphate IP3 causes a release of intracellular calcium stores 
resulting in an increase in free intracellular calcium concentration 
(Alberts et al., 1989). Reagan et al. ( 1992) concluded that the allatotropin 
activated the IP3 pathway, resulting in an increase in intracellular 
calcium which stimulated juvenile hormone synthesis. This was 
supported by the finding that intracellular calcium concentration was 
highest in biosynthetically active CA (Allen et al., 1992). In another 
study, calcium was implicated as a second messenger in Locusta 
migratoria based on the stimulation of juvenile hormone synthesis by the 
ionophore A23187 (Dale and Tobe, 1988). 
This chapter describes investigations into the role of the second 
messengers calcium and cAMP in the regulation of JHB3 synthesis by 
CA of L. cuprina. 
4.2 Methods 
4.2.1 Animals and Radiochemical assay 
L. cuprina larvae and the radiochemical assay used 1n these 
studies were as described in chapters 2 and 3. 
4.2.2 Chemicals 
Calcium ionophore A23187, forskolin, 8-bromo cAMP and IBMX 
were purchased from Sigma. A23187 was dissolved in DMSO and added 
to the incubation media to give a maximal final concentration of 0.1 % 
DMSO {vol/vol). Control incubations in 0.1 % DMSO alone had no effect on 
basal rates of JHB3 synthesis. Other reagents were added to the 
incubation media as aqueous solutions. 
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4.3 Results 
4.3.1 Effects of calcium ion concentration 
The effect of extracellular calcium ion concentration on JHB3 
synthesis was examined by incubating isolated ring glands from feeding 
larvae in media containing calcium ions within the range O to lOmM. 
The differences in rates of JHB3 biosynthesis were not statistically 
significant between 1.3mM and lOmM calcium ions, but in calcium free 
media JHB3 production was completely inhibited (Fig. 4.1). The 
concentration of calcium ions in the assay medium used in previous and 
subsequent experiments was 4.3mM. This value was chosen both 
because it had been used in similar experiments with D. melanogaster 
(Richards et al., 1989a,b, 90) and because it was in the middle of the 
range in which JHB3 synthesis was constant. 
To examine the effect of intracellular calcium ion concentration on 
JHB3 synthesis, ring glands were incubated in the presence of ionophore 
A23187, an agent which selectively permits calcium to cross cell 
membranes (Reed and Lardy, 1972). Low concentrations (lQ-6 and 1Q-5M) 
of the ionophore stimulated JHB3 synthesis in ring glands and brain-
ring gland complexes of feeding larvae and ring glands of prepupae but 
had no effect on brain-ring gland complexes of prepupae (Fig. 4.2). At 
higher concentrations (10-4M) feeding stage ring glands were inhibited 
and the degree of stimulation of feeding brain-ring gland complexes was 
reduced (Fig. 4.3). Synthesis in the presence of 1Q-5M ionophore was 
linear over the three hour duration of the assay (Fig. 4.4). Farnesoic acid 
was able to further stimulate ring glands from feeding larvae in the 
presence of 1Q-5M ionophore, but the level of stimulation was no higher 
than in the presence of farnesoic acid alone (3.1 + 0.36 pmole/gland/hr; 
Fig. 3.5). 
4.3.2 Effects of cAMP 
Involvement of cAMP in regulation of JHB3 synthesis was 
investigated by incubating isolated ring glands from feeding larvae in the 
presence of the adenylate cyclase activator, forskolin, the 
phosphodiesterase inhibitor, IBMX, and the cAMP analogue, 8-bromo 
cAMP, were measured. All reagents caused dose dependent inhibition of 
CA activity (Fig. 4.5). JHB3 synthesis from ring glands co-incubated with 
these compounds and farnesoic acid was the same as in the presence of 
farnesoic acid alone (3.1 + 0.36 pmole/gland/hr; Fig. 3.5). 
4.3.3 Interaction between calcium and cAMP 
To investigate potential interaction between Ca2+ and cAMP in the 
regulation of JHB3 synthesis, isolated ring glands from feeding 
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Figure 4.1. Effect of external calcium concentration on 
JHB3 synthesis by isolated ring glands from feeding 
stage larvae. Each point is the mean + SEM of 8 
determinations. 
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Figure 4.2. Effect of 1Q-5M calcium ionophore A23187 on JHB3 
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the incubation media. Each column represents the mean + 
SEM of 8-12 determinations. 
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media. Each point is the mean+ SEM of 8 determinations. 
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of 6 determinations . 
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larvae were incubated in the presence of both 8-bromo cAMP (1Q-4M) and 
ionophore A23187 (1Q-5M). The glands were stimulated to the same level 
as in the presence of ionophore alone (Fig. 4.6). 
4.4 Discusmon 
4.4.1 Effects of calcium ion concentration 
In this study, calcium was implicated as a second messenger in 
the regulation of JHB3 synthesis in L. cuprina based on results obtained 
with the ionophore, A23187. This compound has been commonly used in 
second messenger studies because of its ability to permit calcium to enter 
cells, thus raising cytosolic calcium levels (Reed and Lardy, 1972; 
Pressman and Fahim, 1982). The ionophore stimulated juvenile 
hormone synthesis, suggesting that elevated intracellular calcium either 
directly stimulates the juvenile hormone pathway or overrides an 
existing inhibition of the pathway. 
Increased hormone synthesis by the CA in the presence of A23187 
is not unique to L. cuprina . The ionophore stimulated JHIII release by 
the CA of adult L. migratoria (Dale and Tobe, 1988) and similar results 
have been observed in the endocrine systems of other species (Smith et 
al., 1985; Veldhuis and Klase, 1982; Foster et al., 1981; Lymangroyer 
and Keku, 1984). However, in both D. punctata and D. melanogaster the 
ionophore had a very different effect. In D. punctata 6.6 x 10-6M A23187 
caused a rapid decline in JHIII release (Kikukawa et al., 1987) with the 
ionophore appearing to cause irreversible damage to the cells of the CA. 
In D. melanogaster CA from third instar feeding larvae were 
irreversibly inhibited by A23187 (1Q-5M), although brain-ring gland 
complexes from larvae at the same stage increased JHB3 production in 
the presence of ionophore to 60% of the control glands (Richards et al., 
1990). 
In addition to allowing free movement of Ca2+ into cells, A23187 is 
also known to uncouple the mitochondrial membrane and to increase 
tricarboxylic acid (TCA) cycle activity (Reed and Lardy, 1972). The 
chemical catalyses an electroneutral exchange of extramitochondrial 
protons for intramitochondrial calcium across the mitochondrial 
membrane (Reed and Lardy, 1972). Calcium is then either actively 
transported back into the mitochondria in exchange for protons (Chance, 
1965; Rasmussen et al., 1965) or reaccumulated by a high affinity carrier 
accompanied by a respiration-driven outward translocation of protons 
(Mitchell, 1968). Either effect results in accelerated electron transport 
leading to uncoupled substrate oxidation and consequently an increase in 
TCA cycle activity (Reed and Lardy, 1972). This is an important 
consideration when using this compound to study juvenile hormone 
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Figure 4.6. Effect of increasing intracellular cAMP and 
intracellular calcium on JHB3 synthesis in CA from feeding 
larvae. 8-br-cAMP (1Q-4M) was used to mimic an increase in 
intracellular cAMP and ionophore A23187 (1Q-5M) was used to 
increase intracellular calcium levels. Values are the mean + 
SEM of 8 determinations. 
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synthesis, as it can affect levels of ATP, an important energy source 
required for juvenile hormone synthesis (Fig. 1.3), and levels of the 
juvenile hormone precursor acetyl CoA. Whilst these effects do not 
appear to predominate in L. cuprina , as evidenced by the stimulation of 
hormone synthesis in the presence of the compound, they may help to 
explain the differences between this species and D. melanogaster and 
D. punctata. 
In M. sexta an allatotropin has been found that stimulates juvenile 
hormone synthesis. A23187 completely inhibits this allatotropin-induced 
synthesis even though other compounds which increase intracellular 
calcium concentrations all stimulate hormone synthesis (Reagan et al., 
1992). Furthermore, glands incubated with A23187 do not recover their 
ability to produce juvenile hormone after being placed in fresh media. 
The authors conclude that increases in the free intracellular calcium 
concentration in the CA stimulate juvenile hormone synthesis and that 
A23187 is cytotoxic rather than a specific inhibitor of the juvenile 
hormone pathway. The other compounds which increased juvenile 
hormone synthesis in the study by Reagan et al. (1992) were 
thapsigargin, which stimulates an increase in intracellular calcium by 
inhibiting the calcium-ATPase, and 2,5-di-(tert-butyl)-1,4-hydroquinone 
(DBHQ) which inhibits microsomal ATP-dependent calcium 
sequestration. Since these compounds clearly were not cytotoxic in the 
M. sexta CA, they might be useful probes for the effects of Ca2+ on 
juvenile hormone biosynthesis in D. punctata and D. melanogaster. 
The majority of reports of cellular effects by A23187 require lQ-6 to 
1Q-5M ionophore (Reed, 1982; Reed and Bokoch, 1982). Higher 
concentrations are thought to alter the structure and integrity of the cell 
membrane (Pressman and Fahim, 1982). The inhibition of JHB3 
synthesis observed in this study at 1Q-4M ionophore (Fig. 4.3) may well 
have been due to gross damage to cellular membranes rather than 
through ionophore-mediated increases in calcium flux. 
The ionophore was unable to stimulate brain-ring gland complexes 
from prepupae, a result similar to the lack of stimulation of these 
complexes in the presence of farnesoic acid (Fig. 3.5). Again the absence 
of stimulation was rapidly reversed by severing the neurons connecting 
the ring gland to the brain. The stimulation by the ionophore appears to 
be blocked by the additional regulation of final pathway enzymes at this 
developmental stage. This inability of A23187 to overcome the presumed 
negative regulation of the o-methyl transferase in prepupae brain-ring 
gland complexes implies that the ionophore exerts its effect on an 
enzymatic step that precedes farnesoic acid in the biosynthetic pathway. 
-
Calcium free media inhibited JHB3 synthesis from L. cuprina ring 
glands. A similar result has been shown for both D. melanogaster and 
D. punctata (Richard et al., 1990; Kikukawa et al., 1987). This effect is 
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consistent with the idea that the modulation of calcium flux is an 
important factor in the regulation of juvenile hormone synthesis. In both 
D. melanogaster and D. punctata inhibition by calcium free media was 
partially reversed by the presence of farnesoic acid (Richard et al., 1990; 
Kikukawa et al., 1987) indicating that the effect of zero calcium is an 
inhibition of steps prior to farnesoic acid in the biosynthetic pathway. 
Ho~ever, further studies with D. punctata revealed a difference in the 
effects of high and low calcium concentration on juvenile hormone 
synthesis. In this species calcium-free media caused a large increase in 
cAMP levels in the CA (Aucoin et al., 1987) implying that the absence of 
calcium actively increased cAMP levels. On the other hand increased 
extracellular calcium overcame the inhibition of JH synthesis by brain 
extracts but did not have an effect on cAMP levels (Aucoin et al., 1987). 
This suggests that the effect of zero calcium was not entirely attributable 
to the absence of calcium and that other factors were involved. 
4.4.2 Effects of cAMP 
Compounds which cause or mimic an elevation in intracellular 
cAMP concentration caused rapid and reversible inhibition of JHB3 
synthesis from ring glands of feeding larvae. This inhibition was 
overcome by farnesoic acid indicating that it occurred at an enzymatic 
step prior to this precursor in the biosynthetic pathway. The site and 
nature of inhibition were also characteristics of the brain extracts 
(Section 3.3.2) suggesting that the allatostatic factor from the brain may 
utilise cAMP as a second messenger. However, inhibition of isolated 
ring glands by elevated cAMP was completely overridden by A23187 
whereas the ionophore only partially relieved inhibition by intact axons, 
implying that the brain is affecting more than just cAMP levels. In 
D. punctata cAMP inhibits juvenile hormone synthesis (Meller et al., 
1985) and brain extracts raise intracellular cAMP levels in the CA 
(Aucoin et al., 1987). However, cAMP is not the signal transducer for 
allatostatic peptides isolated from brains of D. punctata (Cusson et al., 
1992), suggesting that the brain of this species is also controlling more 
than one allatostatic pathway. The effect of cyclic nucleotides has been 
studied in D. melanogaster, where forskolin and IBMX were effective at 
the same concentrations as those reported here for L. cuprina (Richard 
et al., 1990), implicating cAMP as a second messenger for an allatostatic 
signal in this species as well. 
4.4.3 Interaction between calcium and c.AMP in regulation of juvenile 
hormone synthesis 
As previously noted, inhibition of JHB3 synthesis by 8-bromo cAMP 
was completely overcome by ionophore A23187. The most likely 
explan~tion for this is that cAMP and calcium indirectly interact to 
mediate a single effect on the biosynthetic pathway. This is consistent 
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with the finding that both ionophore and 8-bromo-cAMP act before 
farnesoic acid. In D. punctata a similar situation is found, with elevated 
extracellular calcium overcoming cAMP dependent inhibition of juvenile 
hormone synthesis. In this species, brain extracts cause a rise in cAMP 
levels (Aucoin et al., 1987). High extracellular calcium overrides the 
inhibitory effect of the brain extracts but does not affect the ability of the 
extracts to raise cAMP levels. 
A model for the interaction of Ca2+ and cAMP, which is consistant 
with the findings of this study, with similar studies in other insects, and 
with vertebrate studies, is proposed in figure 4.7. In this model, calcium 
has a stimulatory effect on the synthetic pathway. Cyclic AMP acts to 
reduce calcium levels, possibly by acting on calcium channels to increase 
calcium efflux, which leads to an inhibition of the synthetic pathway. 
The ionophore overrides this inhibition by increasing intracellular 
calcium independent of calcium channels. This model is in agreement 
with studies of second messenger systems in vertebrates where the 
cAMP analogue dibutyryl cyclic AMP induces a significant effiux of Ca2+ 
from both perfused rat livers (Freidman and Rasmussen, 1970; Altin 
and Bygrave, 1987; Rashed and Patel, 1987) and rat hepatocytes (Bygrave 
and Benedetti, 1993). In M. sexta, biosynthetically active glands have 
higher internal calcium concentrations than less active glands (Allen et 
al., 1992). A similar finding in L. cuprina would support the proposed 
model but, because of difficulties associated with the size of the CA and 
its proximity to the prothoracic gland, direct measurements of cytosolic 
free calcium were beyond the scope of this study. Regulation of juvenile 
hormone biosynthesis by cAMP dependent regulation of calcium influx 
has been proposed previously (McQuinston and Tobe, 1991). 
In summary, the results presented here provide preliminary 
evidence that calcium and cAMP act as second messengers in the 
regulation of juvenile hormone synthesis in L. cuprina. More 
sophisticated experiments will be required to extend these findings once 
the identities of the primary extracellular regulators are known. 
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Chapter Five 
Characterisation of the L. cuprina 
FMRFamide gene and assessment of its 
involvement in regulation of juvenile 
hor111one synthesis 
5.1 Introduction 
In chapter three the activity of the CA from third instar L. cuprina 
larvae was found to be inhibited by a neuronally delivered factor with 
characteristics of a peptide. In this chapter an indirect approach to the 
identification of this factor is described. Previous immunocytochemical 
studies had shown that the CA of the blowfly C. vomitoria contained 
peptides recognised by anti Met-enkephalin-R6-G7 -LB antisera (Duve and 
Thorpe, 1990). Met-enkephalin-R6-G 7 _L8 is a vertebrate regulatory 
neuropeptide with a primary structure of Tyr-Gly-Gly-Phe-Met-Arg-Gly-
-Leu. In this study, a systematic testing of antisera directed against 
known enkephalin-like peptides did not identify any immunoreactive 
cells or neurons in the CA of third instar L. cuprina. However, nerve 
terminals within the CA were immunoreactive to antisera directed 
against the molluscan neuropeptide FMRFamide (Phe-Met-Arg-Phe-
NH2), In order to determine whether this or homologous peptides had a 
role in the regulation of CA activity, the L. cuprina FMRFamide gene 
was isolated and some of the encoded peptides tested for their ability to 
modulate juvenile hormone synthesis. 
FMRFamide was originally isolated from molluscs (Price and 
Greenberg, 1977) and, although the distribution of authentic FMRFamide 
appears limited to this Phylum, numerous related peptides have been 
found throughout the animal kingdom (Boer et al., 1980; Dockray et al., 
1983; Duve et al., 1992a). These 'FMRFamide-like' peptides exhibit a 
broad range of physiological actions on both central and peripheral 
targets (Gayton, 1982; Painter, 1982; Boyd and Walker, 1985) with 
members of the family being cardioexcitatory in some molluscan species 
(Price and Greenberg, 1977) and cardioinhibitory in others (Greenberg 
and Price, 1979; Painter, 1982). Among insects, some members 
potentiate muscle contraction in locusts (Evans and Meyers, 1986; 
Walther: and Schiebe, 1987) and others increase saliva secretion and 
heart rate in the blowfly C. vomitoria (Duve et al., 1992a, 1993). 
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The distribution of FMRFamide immunoreactivity has been 
examined in many insect species as a guide to defining possible roles for 
the peptides. For example, immunoreactivity in the stomatogastric 
nervous system of D. melanogaster (White et al., 1986), Leptinotarsa 
dece-·mlineata (Veenstra and Schooneveld, 1984) and M. sexta 
(Copenhaver and Taghert, 1989) led to the suggestion that FMRFamide-
like peptides are involved in neural regulation of feeding. FMRFamide 
immunoreactivity in fibres innervating the CA, thus implicating a role 
for the peptides in the regulation of juvenile hormone synthesis, has been 
described in adult Rhodnius prolixus (Tsang and Orchard, 1991) and in 
pupae and larvae of M. sexta (Carrol et al., 1986). However, the majority 
of studies of FMRFamide immunoreactivity in insects have not described 
immunoreactivity in the CA. 
Both the C and the N termini of the peptides are important for 
biological activity. In molluscs the C-terminal arginine and 
phenylalanine residues and amide group are necessary for activity on 
the heart (Kobayashi and Muneoka, 1990; Muneoka and Saitoh, 1986). In 
C. vomitoria 15 FMRFamide-like peptides have been isolated, only some 
of which act as neurohormonal regulators of salivation (Duve et al., 
1992a, 1993). A comparison of the peptides which affect salivation with 
the peptides which do not, shows that slight changes in N-terminal 
sequence abolish bioactivity. In Locusta migratoria, where FMRFamide 
potentiates muscle contraction, all endogenous FMRFamide-like 
peptides enhance contraction, with potency increasing by up to 100 fold as 
elongation on the N-terminal side increases (Walther et al., 1984). 
Genes encoding FMRFamide-like peptides have been 
characterised in Aplysia californica (Taussig and Scheller, 1986; 
Schaefer et al., 1985), Lymnaea stagnalis (Linacre et al., 1990; Saunders 
et al., 1991), Caenorhabditis elegans (Rosoff et al., 1992), Helix aspersa 
(Lutz et al., 1990), Calliactis parasitica (Darmer et al., 1991) and the flies 
D. melanogaster and D. virilis (Schneider and Taghert, 1988; N ambu et 
al., 1988; Chin et al., 1990). All these genes appear to encode a 
prohormone which undergoes post-translational proteolytic processing to 
release multiple distinct FMRFamide or FMRFamide-like peptides. 
Within the prohormone sequence the peptides invariably have C terminal 
glycine residues, sites for peptide amidation (Eipper and Mains, 1988), 
and generally are flanked by single arginine residues, sites for 
endoproteolytic cleavage (Docherty and Steiner, 1982; Loh et al., 1984; 
Thomas et al., 1988). The consensus sequence for cleavage at these 
mono-arginyl sites requires firstly a basic residue in positions -4 or -6, 
relative _ to the arginine cleavage site (position -1), with arginine being 
more favourable than lysine at the -4 position and secondly, the absence 
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of a hydrophobic, aliphatic residue in the first position downstream 
(Nakayama et al., 1992). Within the prohormone, the C terminal 
sequence of each FMRFamide peptide conforms to this consensus (Table 
5 .1), and the internal arginine (-4) is protected from endoproteolytic 
recognition by the phenylalanine (-3) preceding it. Thus, whilst the 
conservation of the C-terminus may be a requirement for bioactivity, it 
may also be required to signal appropriate endoproteolytic cleavage at the 
mono-arginyl sites. 
Table 5.1. Position of amino acid residues relative to monoarginyl 
endoproteolytic cleavage signal. 
Amino acid 
Position 
X F M R F G R* X 
-7 -6 -5 -4 -3 -2 -1 1 
X denotes any amino acid residue, * denotes the monoarginyl 
endoproteolytic cleavage signal at the C-terminus. 
It is not known if there is cell-specific distribution of the different 
FMRFamide-like peptides. Generally the peptides are organised 
contiguously within the prohormone sequence with little space for 
alternative post transcriptional splicing signals. With the exception of 
the snail, H. aspersa (Lutz et al., 1990) each species contains only a 
single gene. H. aspersa has two FMRFamide genes, one containing ten 
copies of authentic FMRFamide and a single FLRFamide, and the other 
encoding numerous N-terminally extended forms of FLRFamide. There 
1s evidence for alternative splicing of the gene transcript only in 
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L. stagnalis (Saunders et al., 1991) and C. elegans (Rosoff et al., 1992). In 
L. stagnalis, the gene is organised into three exons. The first exon 
encodes a leader sequence and differential, cell-specific splicing links 
this with either the second or third exon. One transcript encodes 
FMRFamide-related tetrapeptides and the other encodes N-terminal 
extensions of these peptides. The C. elegans gene has six exons from 
which two distinct transcripts are generated by the use of an alternative 
3' splice acceptor site between exons 3 and 4 (Rosoff et al., 1992). 
In Diptera, FMRFamide genes have been characterised from 
D. melanogaster, D. virilis (Schneider and Taghert, 1988, 1990; N ambu 
et al., 1988; Chin et al., 1990) and C. vomitoria (P.D. East, personal 
communication) and a family of FMRFamide-like peptides has been 
isolated from C. vomitoria (Duve et al., 1992a). The D. melanogaster gene 
contains two exons separated by a 2.8 kb intron. The first exon is 
untranslated, while the second encodes 15 FMRFamide-like peptides 
ranging from seven to nine residues in length. Three of these peptides 
have been isolated from extracts of whole adult flies (N ambu et al., 1988; 
Nichols, 1992). The D. virilis gene also consists of two exons. The 
sequence of the first is substantially different from exon one in 
D. melanogaster and the second encodes only ten peptides. The 
sequences of some, but not all peptides have been conserved between the 
two species (Taghert and Schneider, 1990). Subsequent to the current 
study, the C. vomitoria FMRFamide gene was isolated and the coding 
region sequenced (P.D. East, personal communication). The 
prohormone contains 16 N-terminally extended FMRFamide peptides 
and two N-terminally extended FIRFamide peptides of which 15 have 
been previously isolated from the nervous system of C. vomitoria (Duve et 
al., 1992a). The C. vomitoria peptides are similar in length to the 
Drosophila peptides but the sequences have not been conserved, with only 
one identical peptide found in both Calliphora and Drosophila. 
Nerve terminals in the CA of third instar L. cuprina were 
immunoreactive to antisera directed against the tetrapeptide 
FMRFamide. The diversity between the FMRFamide-like peptides in 
C. vomitoria and those predicted by gene sequences in Drosophila made it 
desirable to determine the sequence of the homologous peptides in 
L. cuprina before their potential involvement in the regulation of CA 
activity could be examined. Consequently the L. cuprina FMRFamide 
gene was isolated and characterised and some of the gene products tested 
for effects on juvenile hormone synthesis. This chapter describes the 
cloning and analysis of the L. cuprina FMRFamide gene and the effect of 
a representative set of the encoded peptides on juvenile hormone 
synthesis by third instar feeding stage larval ring glands. 
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5.2 Materials and Methods 
5.2.1 Tmmunocytochemistry 
Tissues were dissected under Lucilia saline (20mM Hepes, 150mM 
NaCl, 4mM KCl, 200mM sucrose) and fixed in freshly prepared 4% (w/v) 
paraformaldehyde in PBS (8mM Na2HP04, 140mM NaCl, 3mM KCl, 
1.5mM KH2P04, adjusted to pH 7.2) for at least 15 minutes. After several 
washes in PBS they were permeabilized by successive incubations in 70% 
methanol in PBS (5 minutes), 100% methanol (60 minutes), and 70% 
methanol in PBS (5 minutes). Tissues were then washed twice in PBS, 
twice in PBT (PBS with 0.1 % Triton X-100, 0.2% bovine serum albumin) 
and then incubated for 30 minutes in PBT + 5% normal goat serum (PBT 
+ N) to block non-specific immunoglobulin binding. Tissues were 
incubated in a 1: 1,000 dilution (in PBT + N) of a rabbit polyclonal anti-
FMRFamide antibody (Cambridge Biochemicals) for at least 2 hours at 
room temperature then overnight at 4°C. After extensive washing in PBT 
and a further 30 minutes blocking in PBT + N tissues were incubated in a 
1:40 dilution (in PBT + N) of fluorescein-conjugated goat anti-rabbit 
secondary antibody (Silenus Laboratories) and incubated for 2 hours at 
room temperature then overnight at 4°C. After multiple washes in PBT, 
tissues were cleared in 70% glycerol and mounted in 0.01 % w/v p-
phenylenediamine (Sigma) dissolved in 70% glycerol. All processing was 
at room temperature unless otherwise stated. The antibody location was 
examined using a confocal laser scanning microscope (Leica). · 
5.2.2 Probe synthesis 
A 892bp fragment was amplified from genomic DNA of a Canton S 
strain of D. melanogaster using the polymerase chain reaction (PCR) 
(Saiki et al., 1988). The PCR primers (Table 5.2) spanned the translated 
region of the FMRFamide gene in this species (Schneider and Taghert, 
1988, 1990; Nambu et al., 1988). The primers were synthesised on a 
GeneAssembler (Pharmacia) and used at a final concentration of lµM. 
The PCR reaction was performed on 0.5µg DNA in the presence of 
0.2mM dNTPs (Pharmacia) in PCR buffer (15mM magnesium, lOmM 
Tris-HCl pH 8.3, 0.01 % gelatine, 50mM KCl). PCR was carried out in a 
thermal sequencer (Corbett Research) using the following conditions: 
cycle 1 - 95°C for 6 minutes, 65°C for 1 minute (once only) 
cycle 2 - 95°C for 1 minute 10 seconds, 65°C for 1 minute, 72°C for 2 
minutes (35 repeats) 
cycle 3 - 72°C for 5 minutes, 25°C for 5 minutes (once only). 
Taq DNA polymerase (125units - Pharmacia) was added at the start and 
again after 25 cycles. 
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Table 5.2. Oligonucleotide primers used to amplify the D. melanogaster 
FMRFamide gene fragment. 
Primer sequence 
GCATTGCCTT GATGTTCCTG C 
GCCTTGATTGGACTTGACTG G 
Nucleotide co-ordinates in cDNA 
sequence (as published in 
Schneider and Taghert, 1988) 
8-38 
880-900 
The amplified band was purified using 'Gene-clean' (Bio 101) and 
labelled with a-P32-dATP by the synthesis of complementary strands of 
DNA using random hexonucleotide primers and the Klenow fragment of 
E. coli DNA polymerase (Feinberg and Vogelstein, 1983, 1984) with the 
Random Primed Kit (Boehringer Mannheim) according to 
manufacturer's instructions. The reaction mix was applied to a small 
column packed with Sephadex G-50 and eluted with STE buffer (lOmM 
Tris-HCl, lOOmM NaCl, lmM EDTA, pH 8.0) to separate incorporated 
from unincorporated label (Maniatis et al., 1982). 
5.2.3 Genomic clone identification 
Approximately three genome equivalents (80, 000 plaques) of a 
L. cuprina LS-2 strain library (provided by Dr R. Russell) was plated on 
Escherichia coli strain LE392. Bacteriophage DNA were transferred to 
nitrocellulose membrane (Schleicher and Schuell) as described by Benton 
and Dayis (1977) and screened with a probe prepared from the 892bp 
amplicon of the D. melanogaster FMRFamide gene. Filters were 
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prehybridised at 50°C for four hours in an aqueous hybridisation solution 
consisting of 5 x SSPE, 0.1 % (w/v) SDS, 5 x Denhardts' solution, lmM 
EDTA and 200mg/ml denatured fragmented salmon sperm DNA. 
Freshly denatured probe was added and hybridisation proceded for 12 
hours at 50°C. Filters were washed for 30 min in 2 x SSPE and 0.1 % SDS, 
twice at room temperature and once at 50° C. Filters were 
autoradiographed overnight at -80°C on X-ray film (Fuji-RX). 
Genomic clone DNA was subcloned into the pBluescript SK- vector. 
Single-stranded phagemid DNA was prepared from sets of overlapping 
deletion clones (Vieira and Messing, 1987) and sequencing reactions 
were performed by the dideoxy chain termination method (Sanger et al., 
1977) using the T7 sequencing kit from Pharmacia. Reactions were 
electrophoresed on a 6% denaturing acrylamide gel at a constant current 
of 32 mAmps. The gel was fixed in 10% acetic acid/10% methanol for 20 
minutes, transferred to 3MM paper (Whatman), dried under vacuum at 
80°C for 40 minutes and autoradiographed overnight at room 
temperature. 
5.2.4 cDNA clone identification 
A 1295bp Taql fragment encompassing the L. cuprina 
FMRFamide gene open reading frame (nucleotides 105 to 1400 of exon 2) 
was used to screen a random-primed cDNA libary made from mRNA 
isolated from adult L. cuprina heads. Hybridisation was performed as 
for genomic clones but at 65°C. Filters were washed for 30 minutes in 0.1 
x SSC/0.1% SDS twice at room temperature and once at 65°C. One clone 
that included both exons was identified and sequenced. 
5.2.5 Analysis of DNA sequence data 
DNA sequence analysis was done using the GCG software package 
developed by Devereux et al. (1984). 
5.2.6 Northern analysis 
Total RNA from first instar larvae was purified (Maniatis et al., 
1982), poly (A+) enriched, size fractionated in a denaturing formaldehyde 
gel, then transferred to Hybond-N+ membrane (Amersham). The blot 
was probed overnight with a 1295bp Taq I riboprobe encompassing the 
L. cuprina FMRFamide gene open reading frame (nucleotides 105 to 1400 
of exon 2), labelled with a-P32-UTP (Melton et al., 1984) in hybridization 
buffer (50% formamide, 6 x SSC, 1% (v/w) SDS, 0.1% Tween 20, 0.5 mg/ml 
salmon sperm DNA) at 60° C. The blot was washed for 15 min, twice at 
room temperature in 2 x SSC/0.1 % SDS, once at 70°C in 0.2 x SSC/1 % 
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SDS, then once at room temperature in 0.1 x SSC/0.1% SDS. After 
washing, the blot was treated with lµg/ml RN ase A in 2 x SSC, for 30 min 
at room temperature, then autoradiographed at -80°C for 1 week. 
5.2. 7 In situ hybridisation and probe labe11ing 
Larval brains were dissected in PBS and fixed for 20 minutes in 4% 
(w/v) paraformaldehyde. The tissue was permeabilised in 
methanol/EGTA, digested with proteinase K (50µg/ml for seven minutes 
at 22°C), then pretreated and hybridised according to Tautz and Pfeifle 
(1989). The in situ hybridisation probe was made using a 1295bp Taq I 
template that spanned the FMRFamide prohormone coding region 
(nucleotides 105 to 1400 of exon two). The probe was labelled with 
digoxigenin by random-primed synthesis using a kit and protocol from 
Boehringer Mannheim. Probe location was visualised after incubating 
overnight in 800µ1 antibody-conjugate solution (Boehringer Mannheim) 
diluted to 1 in 2,000 in PBT (PBS + 0.1 % Tween 20) and washed and 
stained according to Tautz and Pfeifle, (1989). Tissue was stored in 70% 
glycerol. 
5.2.8 Radiochemical assay 
The radiochemical assay described in chapter two was used to test 
the effect of the L. cuprina FMRFamide-like peptides on juvenile 
hormone synthesis. Ring glands were obtained from third instar feeding 
stage larvae. 
5.3 Resul~ 
5.3.1 Antisera tested on L. cupri,w brain-ring gland complexes 
Antisera directed against enkephalin-like peptides, FMRFamide 
and callatostatin were tested on brain-ring gland complexes of 
L. cuprina third instar feeding larvae and white prepupae (Table 5.3). 
Only antisera directed against FMRFamide recognised products in the 
CA, specifically in the nerve fibres terminating in the CA. Enkephalin-
like imm unoreactivi ty, which had previously been reported in the nerve 
terminals in the CA of the blowfly C. vomitoria was observed in cells of 
the brain but not in the CA. Antisera against callatostatin also did not 
recognise any material in the CA. The callatostatin family of peptides 
were isolated from C. vomitoria because of their similarity in structure to 
the allatostatins from D. punctata (see Chapter 6) but they have no 
allatostatic activity in flies. Antisera against these peptides do not 
recognise products in the CA of C. vomitoria (Duve et al., 1993). 
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Table 5.3. Antisera tested on the brain-ring gland complex of third instar 
feeding larvae and prepupae. 
Antiserum Source Dilution Pattern of expression 
Axons 
Cells of Cells of innervating 
the brain the CA the CA 
Met-enk-R-G-L Peninsula Labs 1:500 - 1:2000 + 
H. Duve and A. 1:500 - 1:2000 
Thorpe 
Met-enk-R-F Auspep 1:500 - 1:2000 + 
FMRFamide Cambridge 1:750 - 1:1500 + + 
Biochemicals 
ANRYGFGL H. Duve and A. 1:500 - 1: 1500 + 
amide Thorpe 
(callatostatin 3) 
For each antibody all immunolabelling was abolished by pre-absorbing 
the antiserum (diluted 1:1,000) with 20nmoles/ml of the appropriate 
parent peptide (overnight at 4°C). 
5.3.2 Pattern of FMRFamide-like immunoreactivity 
FMRFamide immunoreactivity was found in the nerve fibres that 
innervate the CA of third instar larvae (Fig. 5.1). The intensity of the 
immunoreactive signal was inversely correlated to rates of JHB3 release 
in vitro, such that newly ecdysed third instar larvae and white prepupae 
showed abundant FMRFamide immunoreactivity whilst CA from late 
feeding and early wandering larvae had barely detectable levels of signal. 
The fibres converged to two immunoreactive axons which could be traced 
from the CA back to their exit point from the brain. It was not possible to 
identify the cells from which these fibres originated. 
In the larval CNS approximately 16 pairs of bilaterally symmetric 
immunoreactive perikarya were observed in the cerebral hemispheres, 
including groups in positions characteristic of both lateral and medial 
neurosecretory cells, two pairs in the suboesophageal ganglion, one pair 
in each Qf the three thoracic ganglia and a large number of variably-
staining cells in the fused abdominal ganglia (Fig. 5.2). Preabsorbtion of 
the antisera with FMRFamide abolished all immunostaining. 
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Figure 5.1. (a) FMRFamide immunoreactivity in a brain-ring gland 
complex from wandering stage third instar larva showing labelled cells 
in the dorsal anterior protocerebrum (arrowed) and nerve fibres in the 
CA segment of the ring gland (boxed). (b) Higher magnification of the 
area boxed in (a) above, showing detail of the FMRFamide 
immunoreactive nerves ramifying in the CA region. 
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Figure 5.2. (a) Dorsal view of FMRFamide immunoreactivity in the CNS from a wandering stage third instar 
larva wholemount. (b) Schematic diagram indicating the numbers and positions of FMRFamide-
immunoreactive cell bodies in the CNS, (MNSC, medial neurosecretory cells; PMl, PM2, posterior 111edial 
cells; ALP, anterior-lateral protocerebrum; DLP, dorso-lateral protocerebrum; tc, tritocerebrum; SOG, 
suboesophageal ganglion, VTNC, ventral thoracic neurosecretory cells). 
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5.3.3 Isolation of the L. cuprina FMRFamide gene 
A 892-bp amplicon of the D. melanogaster FMRFamide gene was 
used to probe a L. cuprina genomic library. From the library screen, two 
putative FMRFamide clones were identified and plaque purified 
(LcFMRFl, 13.5kb and LcFMRF2, 12.5kb). A lOOObp Clal fragment from 
LcFMRF2, that was not recognised by the D. melanogaster PCR 
generated probe, was used to probe a Southern blot of selected restriction 
enzyme digests of LcFMRFl DNA. This probe recognised a lOOObp Clal 
fragment of LcFMRFl suggesting that the two clones contain the same 
section of genomic DNA (results not shown). Only DNA from the clone 
LcFMRFl was subsequently subcloned and sequenced. 
5.3.4 Gene organisation and expression 
The structure and restriction enzyme map of a gene encoding a 
series of FMRFamide-like neuropeptides in L. cuprina is presented in 
figure 5.3. The gene is organised into two exons separated by an intron 
approximately 9 kb in length. Exon 1 is 265 hp long and the presence of 
multiple stop codons throughout its length suggests that it is 
untranslated (Fig. 5.4). Exon 2 is 1709 hp long and contains a single open 
reading frame that potentially encodes a 446 amino acid protein (Fig. 
5.5). 
The consensus sequence at the exon-intron junctions of eukaryotic 
pre-mRNAs is shown below (Padgett et al., 1986). Subscripts indicate the 
percentage of pre-mRNAs where the specific base has been found and 
boldface indicates the nucleotides located in the exons. 
Consensus splice sequences are found at the proposed exon one-intron 
boundary (Fig. 5.4) and intron-exon two boundary (Fig. 5.5) of the 
L. cuprina gene. 
The transcription start site in eukaryotic mRNAs is defined by a 7-
methyl guanosine residue joined to the initial 5' nucleoside via a 5' -5' 
triphosphate bridge. The consensus sequence for this 'capping' event is 
with transcription starting at the middle A residue. A possible cap site 
was found in the L. cuprina FMRFamide gene 30 nucleotides 3' to the 
start of a TATAAA sequence (Fig. 5.4). This sequence was proposed as 
the transcription start site because of its location with respect to the 
TATAAA sequence and because of sequence similarities between this 
region and the 5' region of the D. melanogaster gene (Schneider and 
Taghert, 1988, 1990; Nambu et al., 1988; Chin et al., 1990). 
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Figure 5.3. Restriction map of genomic DNA containing the L. cuprina 
FMRFamide gene. Positions of exon 1 and exon 2 are shown by shaded 
boxes. Restriction enzymes are abbreviated as follows: Bm - BamHI; Bg 
- Bglll; C - Clal; E - EcoRI; H - Hindlll; P - Pstl; S - Sall; X - Xhol. 
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-37 TTGA lrATM AJ AC AACT TGTT TGT TCAAATC CTGT C CAC AG A C GTT CTAA C 
+14 GCATT TAAC A CA GTCA ACAA GTG TGTC GTT TCCT GTTT TC A TAAA AAAG A 
+64 AACAC TAAC A AA TCGG ATTT TTC ATTT ATA AGTA ACGG AT T TAGT TGAT T 
+114 TGAAA TTTA T TT ATAA AAAA AAA GTTG CAC CATA ATTT CT A ACGG CTAC T 
+164 GTCAG TCAT T GT CAAT GATT TTG TGAT TTG TTTA AAAA CA A TTGA TTAA T 
+214 TTGTT TTGT C TT ATTA AATT ACA ATAA TTT TTTT GTTT AA A TTTT AGTT T 
+264 TAACA AAGGT GA GTTAGTTG 
Figure 5.4. Nucleotide sequence of a genomic DNA fragment containing 
exon 1 of the L. cuprina FMRFamide gene. The putative TATA box is 
shown in a shaded box. The proposed exon 1 sequence is underlined and 
the sequence confirmed by cDN A sequence analysis is double 
underlined. The mRNA cap site and splice donor site are shown in 
boldface. 
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-14 TTTT CCCTTTTTAG 
1 AAACCCCCTC CCCCCTTATC AACTATAAAA CAACTTTGTC A~GCCCCT TCTTAGTATT 
M G p F L V L 
60 ATTCTTGGCC CTACAACTTT GCTATACTCA AACATTAAGT AAAGTCGTAA ACGATCCCCA 
F L A L 0 L C y T G T L s K V V N D p Q 
120 ATATGGCATT AATTCATTAA ACGATAAATT AAACGATTAC ACCCAACTAC TACCGCCAAC 
y G I N s L N D K L N D y T Q L L p p T 
180 ACCCGAATAC TCAAATGAAA ACGAAGAATT TGATGACGAT GACTTCAGCA TAGCCGATAT 
p E y s N E N E E F D D D D F s I A D I 
240 AAACGATGAT GATATACCCT CTATACAAAC GATTGATGAT AAAATGGAAT TAAAATTTCA 
N D D D I p s I Q T I D D K M E L K F H 
300 CAAAAATAAT GCAAAATCTA TGATGAAAAT GAATACGCTG GAGAGTGAGA AAAAGAAATC 
K N N A K s M M K M N T L E s E K K K s 
360 GGTACAGGAT AATTTTATAC GTTTTGGCAA GAGATCATAT GAAGAATTTC CTTTGGTTAA 
V Q D N F I R F G K R s y E E F p L V N 
420 TAGTTTGGAT GAAGGTTTTG GTCTTAAGAA TGCGGGTATG CGTTTAGAGC GTAGCCATCA 
s L D E G F G L K N A G M R L E R s H Q 
480 AACGGCCAGA GATGCTAGAG GTGACAACTT TATGCGTTTT GGCCGATCGG CGAATACGAA 
T A R D A R G D N F M R F G R s A N T K 
. 540 AAATGATTTT ATGCGTTTTG GCCGAGGTGG TAATGATTTT ATGCGCTTTG GTCGTTCACC 
N D F M R F G R G G N D F M R F G R s p 
600 AACACAAGAT TTTATGCGTT TTGGTCGTGC TGCTGCTAGT GATAATTTTA TGCGTTTCGG 
T Q D F M R F G R A A A s D N F M R F G 
660 TCGTCAAGCT AATCAAGATT TTATGAGATT TGGTCGTGCT GCAGGTCAAG ATTTTATGAG 
R Q A N Q D F M R F G R A A G Q D F M R 
720 ATTCGGTCGT TCTCCCAGTC AAGATTTTAT GAGATTTGGC CGATCTCCCA GTCAAGATTT 
F G R s p s Q D F M R F G R s p s Q D F 
780 CATGAGATTT GGCCGATCTC CCAGTCAAGA TTTCATGAGA TTTGGCCGAT CTCCCAGTCA 
M R F G R s p s Q D F M R F G R s p s Q 
840 AGATTTCATG AGATTCGGTC GTGCTCCCAG CCAAGATTTT ATGAGATTCG GACGTGCCGG 
D F M R F G R A p s Q D F M R F G R A G 
900 TCAAGATAAC TTTATGCGTT TCGGCCGTAA TCCTCAACAA GATTTCATGA GATTTGGTCG 
Q D N F M R F G R N p Q Q D F M R F G R 
960 TACCCCTCAA CAAGATTTCA TGAGATTTGG ACGTAACACA CCCAAAATAC CACAAAATTT 
T p Q Q D F M R F G R N T p K I p Q N F 
1020 TATGCGCTAC AGTAGACCTG ATAATTTTAT GCGTTTCGGA CGTACTCCCC CACAACCTTC 
M R y s R p D N F M R F G R T p p Q p s 
Fig. 5.5. Continued overleaf 
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1080 GGATAATTTC ATACGTTTTG GCAAGAGTAT AGAAAAATCT AACGATAAAA ACTCTTCACA 
D N F I R F G K s I E K s N D K N s s Q 
1140 ACCTCTGTTG GGTAAAAATG AATTGAAACA AGCTGTCAAA CTAATACACG AAGCCGATAA 
p L L G K N E L K Q A V K L I H E A D K 
1200 AAATGCCGAT AATGAAAATC CTGTCGATAA AGTCATCAAA GTACTTTTCG ATAAACATCA 
N A D N E N p V D K A I K V L F D K H Q 
1260 ACAGCAAGAT CAAGATGACA AAGTCCATAG TAATGAGTTA AATTTGGATT CCTCAAATCA 
Q Q D Q D D K V H s N E L N L D s s N Q 
1320 ACATAATGAT AACAACGATA ACACTGAACT AGACTCTGAT TTGGACTACT TCTTGAAAAT 
H N D N N D N T E L D s D L D y F L K M 
1380 GTCAAAATAA ACTAATATGG ACGGACTTTT GCTAATAACA AAAATATATA TTTTTTGTAA 
S K 
1440 ATACTAAAGA CTTGAGGAAA AAAAAAGTAA AAAAAAACTT GTATATGTGT ATGTAAAGTA 
1500 ATTATAAAAC AATAACAAAA TTATAAAAAA AATAATAAGT AAAATATGTT ATAATAAAAT 
1560 ATATATAAAA AATTAGTGCC ACATCTATTA AAATATTATA AGGTTATGTA CAATGATAGT 
1620 GAATTTTTTA ACAGGGCTGG ATATAAAATT CACTTAAAAC AATATATGTA ATTAAAATTT 
1680 ATTTCGTAGT TACAATTTTA GATAATAAAT GTATTTTTAT 
Figure 5.5. Nucleotide and deduced amino acid sequence of a genomic 
DNA fragment containing exon 2 of the L. cuprina FMRFamide gene. 
Nucleotides in the intron are shown in bold with a dotted underline, the 
putatative initiator methionine is shown in outlined italics, a putative 
signal peptide is underlined, the proposed FMRFamide peptides are shown 
in boldface, and the proposed polyadenylation signal is shown in boldface 
italics. 
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Although the sequences signalling transcription termination in 
eukaryotes have not yet been identified, almost all mature mRNAs have 
an end defined by a 3'-poly (A+) tail of 100-200 nucleotides. Generally the 
transcript is cleaved and polyadenylated 10-30 nucleotides 3' to a highly 
conserved AAUAAA sequence. An AAUAAA site was found in the 
L. cuprina FMRFamide gene in the 3' untranslated region, centred at 
nucleotide position 1704 of exon 2 (Fig. 5.5). 
Northern blot analysis of RNA from different developmental post 
embryonic stages showed a single transcript approximately 2 kb in 
length that was present at all stages of development from late embryos 
through to adults (Fig. 5.6). The size of this message is consistent with 
the 1969bp size predicted from the positioning of the proposed 'cap' and 
'polyadenylation' sites. 
5.3.5 Prohormone organisation 
The predicted prohormone is 449 amino acids in length (Fig. 5.5) 
and begins with a 20 residue hydrophobic leader region suggestive of a 
signal peptide (Fig. 5. 7). Such signal peptides are characteristic of 
proteins destined for initial transfer from the cytosol into the 
endoplasmic reticulum in preparation for further processing (Alberts et 
al., 1989). The initiator methionine is proposed to occur at nucleotide 
positions 40-42 in the second exon, as this is the first AUG in the open 
reading frame, it is in frame with the FMRF sequences and it precedes 
the 20 amino acid hydrophobic sequence. 
The protein encodes 18, mostly contiguous, peptides ranging from 
7 to 12 residues in length (Fig. 5.5). Of these, 16 have F-M-R-F and two 
have F-1-R-F sequences at the carboxyl termini and all are extended in 
the N-terminal direction. Each peptide is represented only once in the 
prohormone except for four tandem copies of SPSQDFMRF. All are 
flanked by basic residues, potential signals for endo-proteolytic cleavage 
(Docherty and Steiner, 1982; Thomas et al., 1988; Nakayama et al., 1992), 
and each possesses a C-terminal glycine residue, a potential signal for 
peptide amidation (Eipper and Mains, 1988). Additionally there is a F-M-
R-Y sequence at nucleotide position +1019 of exon 2 flanked by basic 
residues which could theoretically liberate a NTPKIPQNFMRY non-
amidated peptide. 
At this stage it is not known if any of the peptides are produced in 
L. cuprina. A similar set of peptides has been isolated from C. vomitora 
brains (Duve et al., 1992a) and these correspond to the peptides predicted 
by the C. vomitoria FMRFamide gene sequence. The presence of 
flanking basic cleavage sites and glycine amidation sites on all the 
proposed peptides and the similarity between the L. cuprina and 
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Figure 5.6. Northern blot analysis of poly (A+) selected mRN A 
(5µg per lane) from six developmental stages, probed with the a 
riboprobe made using a 1.3 kb Taql genomic DNA fragment 
template that spans the coding region. Positions of RNA size 
markers are shown at the side of the figure. 
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Figure 5.7. Hydropathy plot of the L. cuprina FMRFamide prohormone showing hydrophobic 
region at the 5' end. The plot was generated with the Kyte and Doolittle algorithm using the 
PLOTSTRUCTURE programe of the GCG software package (Devereux et al., 1984). 
C. vomitoria prohormone organisation argues that the peptides are 
liberated in L. cuprina as well. 
5.3.6 FMRFamide-like peptide effect on CA activity 
A selection of FMRFamide-like peptides predicted from the 
L. cuprina gene sequence was tested for allatostatic activity using the 
radiochemical assay described in chapter 2 (Table 5.4). The number of 
peptides tested was limited by the cost of peptide synthesis, so they were 
organised into subfamilies based on sequence similarities in the residues 
adjacent to the FMRFsequence (-QDFMRF, -NDFMRF, -DNFMRF) and 
one representative from each group was tested. In addition, the two 
FIRFamide peptides, the tetra peptide FMRFamide and several other 
insect peptides with similar carboxl termini were tested. None of these 
peptides showed any effect on JHB3 synthesis. 
5.3.7 Pattern of FMRFamide gene expression 
The L. cuprina gene probe recognised a group of 16 bilaterally 
symmetric perikarya in the cerebral hemispheres of the larval CNS. 
These included: two weakly labelled pairs in the anterior, lateral 
protocerebrum (ALP); one weakly labelled pair in the dorso-lateral 
protocerebrum (DLP); one pair of small, strongly labelled cells in the 
presumptive tritocerebrum (tc); one strongly labelled pair in the 
suboesophageal ganglion (SOG), and one pair of ventral, thoracic 
neurosecretory cells (VTNC) in each of the thoracic ganglion (Fig. 5.8). 
These cells represented a subset of the cells recognised by anti-
FMRFamide antisera (Fig. 5.2). 
That all cells containing FMRFamide mRNA were also immuno-
reactive to antisera against FMRFamide, implies that the transcript is 
not stored in the CNS in measurable levels without concurrent 
translation and post translational processing to liberate the FMRFamide 
peptides. 
5.3.8 Comparison with Drosophila FMRFamide genes 
Previously, comparison of the FMRFamide genes from 
D. melanogaster and D. virilis was used to identify conserved and 
therefore possibly important functional regions of the genes (Taghert and 
Schneider, 1990). A comparison of these genes with the L. cuprina gene 
shows that all three are similar in that they are organised into two 
exons, the first of which is untranslated, while the second encodes 
numerous FMRFamide peptide sequences within a prohormone 
precursor. The prohormone of L. cuprina is larger (449 amino acids) 
than either of the Drosophila species (D.m.: 347; D.v.: 339 amino acids) 
and encodes more peptides (L.c. :18; D.m.: 13; D.v.: 10). There is little 
conservation of the peptides encoded within the precursor with only one 
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Table 5.4. Effect of RF amide peptides on JHB3 synthesis 
Peptide Source 
1. FMRFamide Molluscs 
(Price and Greenberg, 1977) 
L. cuprina, D. melanogaster 
2. TDVDHVFLRFamide (P. East, pers. comm., Nichols, 1992) 
3. PDVDHVFLRFamide S. gregaria 
(Robb et al., 1989) 
4. PDNFMRFamide Predicted from 
SANTKNDFMRFamide L. cuprina gene sequence 
TPPQPSDNFIRFamide 
SVQDNFIRFamide 
SPSQDFMRFamide 
C. vomitoria 
5. APGQDFMRFamide 
Concentration 
10-4M 
1Q-6M 
10-sM 
10-7M 
10-7M 
10-7M 
1Q-7M 
Effect on 
CA activiti 
none 
none 
none 
none 
none 
none 
none 
Response of isolated ring glands from L. cuprina third instar feeding stage larvae to various 
'FMRFamide-like' peptides. 
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Figure 5.8. FMRFamide prohormone gene expression in the CNS of wandering stage third instar larva. (a) Brain viewed 
from anterior aspect showing a pair of cells in anterior, dorso-lateral position (arrowed). (b) CNS viewed from ventral 
surface showing pair of cells in suboesophageal ganglion (arrows) and three pairs of ventral thoracic neurosecretory cells 
(arrowheads). (c) Sagittal view of CNS to show positions of the VTNC's. (d) Diagram showing location of all cells detected by 
in situ hybridisation (ALP, anterior, lateral protocerebrum; DLP, dorso-lateral protocerebrum; tc, tritocerebrum; SOG, 
suboesophageal ganglion, VTNC, ventral, thoracic neurosecretory cells). Open circles denote weakly hybridising cells. 
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peptide being identical between L. cuprina and D. melanogaster 
(PDNFMRFamide). This peptide is also the only one common to both 
C. vomitoria and D. virilis. Despite the nucleotide sequences of the 
prohormone being 66% similar between L. cuprina and D. melanogaster 
and 60% similar between L. cuprina and D. virilis, a computer 
alignment of the genes shows the proposed endoproteolytic cleavage sites 
are 100% conserved (Fig. 5.9). 
Comparison of the two Drosophila genes (Taghert and Schneider, 
1990) found eighteen sequence elements in the 5' upstream region of the 
genes with 80% or higher sequence identity. A comparison of the 
L. cuprina gene with the two Drosophila promotor regions identified 
numerous regions of homology (Fig. 5.10). With the exception of three 
regions, all of these corresponded to the conserved domains previously 
identified by Taghert and Schneider (1990), although generally they were 
shorter and less conserved than the regions identified in the interspecific 
Drosophila comparison (Fig. 5.11). The longest domain (#18) extended 
into exon 1 and included the putative TATA box, the mRNA cap site and 
the sequence CAAGTG, which binds helix loop helix DNA binding 
proteins in other dipteran genes (P. Taghert, personal communication), 
the sequences of which were spatially conserved in all three species. Two 
of the conserved regions reported in Drosophila were not found in the 
L. cuprina gene (regions #10 & 15), others were represented within 
region #18 (#14 & 16), and several regions were found more than once 
(regions #3,4,6, 7 ,8 & 13). Six of the regions were found downstream from 
the proposed mRNA cap site, four within exon one and two within the 
intron. Two of these downstream sequences are present only in D. virilis 
and L. cuprina. In addition, D. virilis and L. cuprina share a 40bp AC 
rich region (82% identity: -91 to -51, L. cuprina; -189 to -149, D. virilis). 
Whilst the majority of these domains are not spatially conserved and, 
with the exception of region #18, their sequences do not correspond to any 
known cis-acting elements (P. Taghert, personal communication), their 
conservation across the three species, especially when compared to the 
rapid evolution of the peptide sequences, is consistent with them being 
functionally important promotor regions. 
5.3.9 Comparison with the C. vomitoria prohormone region 
The comparison of genes in closely related species can aid in 
identifying functionally important regions of the genes. As a result of the 
work described in this chapter the FMRFamide gene from C. vomitoria, 
another blowfly species, was cloned and sequenced (P.D. East, personal 
communication) to allow comparative studies with the L. cuprina gene. 
Despite a high level of nucleotide sequence conservation (90% 
identity) -between the L. cuprina and C. vomitoria genes, there has been a 
remarkable divergence of peptide structure (Fig. 5.12). The amino acids 
encoding the FMRFamide peptides are 87% identical with 21 conservative 
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Le. NNFVMGPFLV LFLALQLCYT QTLSKVVNDP .QYGINSLND KLNDYTQLLP PTPEY ..... . .. SNENEEF DDDDFSIADI 
Cv. . . . . . . . . . . . . . . . . . . . . .......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. TSGTNVD DKTELRFRQ . 
Dm. ......... M FLLALYQMQS AIHSEIIDTP .NYAGNSLQD TDSEVSPSQ . . . . DNDLVDA LLGNDQT ... ERAELEFR .. 
Dv. . . . . MGIALM FLLALYQMQS AIHSEIIETP SSYNDNSLLE AAAEEPNSRA TASESDLLDG LMSTDNPNPE QQTELEFR.1 • 
Le . NDDDIPSIQT IDDKMELKFH KNNAKSMMKM NTLESEKKKS VQDNFIRFGK RSYEEFPLVN SLDEGFGLKN AGMRLERSHQ 
Cv. . PIESVNVDY LRNAVLLKFH KNNAKSMMKV NTMENEKKKS VQDNFIRFGK RSYEEFPLVN SLDEGFGDKN PGMRLERSHQ 
Dm. HPISVIGIDY SKNAVVLHFQ KHGRKPRYKY DPELEAKRRS VQDNFMHFGK RQAEQLPPEG SYAGS ..... . . . . . . . . . . 
Dv. YPISAIGIGY AKNSVVLRFQ KHARKQNFKY DPDYEMKRKS LQDNFMHFGK RQAEQLPQ .. . . ATG ..... . . . . . . . . . . 
Le. TARDARGDNF MRFGRSANTK NDFMRFGRGG NDFMRFGRSP TQDMMRFGRA AASDNFMRFG RQANQDFMRF GRAAGQDFMR 
Cv. TARDARGDNF MRFGRSVNTK NDFMRFGRGA NDFMRFGRSP SQDMMRFGRA AGTDNFMRFG RQASQDFMRF GRAPGQDFMR 
Dm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DELEGMAKR. AAMD ... RYG RDPKQDFMRF GRDPKQDFMR 
Dv. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PGYYECIKR. SAMD ... RYG RDPKQDFMRF GRAPPSDFMR 
Le. FGRSPSQDFM RFGRSPSQDF MRFGRSPSQD FMRFGRSPSQ DFMRFGRAPS QDFMRFGRAG QDNFMRFGRN P .. QQDFMRF 
Cv. FGRTPNRDFM RFGRSPSQDF MRFGRTPSQD FMRFGRAPSQ DFMRFGRAPG QDFMRFGRAG GQDFMRFGRA G .. QDGFMRF 
Dm. FGRDPKQDFM RFGRDPKQDF MRFGRDPKQD FMRFGRTPAE DFMRFGRTPA EDFMRFGRS . . DNFMRFGRS P .. HEEL ... 
Dv. FGRAP ..... . . . . . . . . . . . . . . . . . . . . . ........ S DFMRFGRDPS QDFMRFGRS . . DNFMRFGRN LNFHEEL ... 
Le. GRTPQQDFMR FGRNTPKIP. .QNFMRYSRP DNFMRFGRTP PQP ....... SDNFIRFGKS IEKSNDKNSS QPLLGKNELK 
Cv. GRTPQQDFMR FGRNPLKVPV NTNFMRYSRP DNFMRFGRAP PQP ....... SDNFIRFGKS IEKSMDKNSS QPLMGKNELK 
Dm. .RSPKQDFMR FG ........ . ....... RP DNFMRFGRSA PQDFVRSGKM DSNFIRFGKS LKPAAPESKP . ......... 
Dv. . RSPKQDFMR FG ........ . . . . . . . . RP DNFMRFGRSA PTEFERNGKM DSNMMRFGKR SGVMAKLTKS QLQQNK .... 
Le. QAVKLIHEAD KNADNENPVD KAIKVLFDKH QQQDQDDKVH SNELNLDSSN QHNDNNDNTE LDSD .... LD YFLKMSK 
Cv. QAVKLIHEAD KNADNENPVD KAIKVLFDKH QQQDQDNKAH SDELNGETSN QHNDSND ... LDSD .... LD YFLKMSK 
Dm . ..... VKSNQ GNPGERSPVN KAMTELFKKQ ELQD ...... . ........ Q QVKNGAQATT TQDGSVEQDQ FFGQ 
Dv. .. LTTADGKQ QPAEEGNPTD KAISMLFNKH QQQQQQQ .. Q GQRLQQEDRQ QMKSSAEQNN LEEASVE .. Q FYEP 
Figure 5.9. An amino acid sequence alignment of the FMRFamide prohormones of L. cuprina 
(Le), C. vomitoria (Cv), D. melanogaster (Dm) and D. virilis (Dv). Boldface indicates the proposed 
endoproteolytic sites, dots within the sequences indicate gaps introduced to enable alignment of 
the sequences at regions of homology. 
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Figure 5.10. Map of the conserved domains in the 5' region of the FMRFamide genes of L. cuprina, D. melanogaster and 
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Figure 5.11. Nucleotide sequences of regions of homology with D. melanogaster (Dm) and D. virilis (Dv) in exon 1 and 
in the area immediately 5' to the FMRFamide gene of L. cuprina (Le). The L. cuprina sequence is presented in its 
entirety from -944 to +300 relative to the mRNA start site ( + 1, numbers on left). Grey background indicates regions of 
significant nucleotide conservation between D. melanogaster (above sequence) or D. virilis (below sequence). Dots in 
the grey background represent nucleotides identical to those found in the L. cuprina sequence. Bold face numbers (1-
18) correspond to domain nomenclature defined by Taghert and Schneider (1990) as shown in figure 5.10. 'N' denotes 
new regions of nucleotide conservation. 
Le. LKFHKNNAKSMMKMNTLESEKKKSVQDNFIRFGKRSYEEFPLVNSLDEGFGLKNAGMRLE 
I 11 I 11 I 111 11 I : I I : I . 111 I I I I 111 11 I I 11 I 11 11 I I I I I I I I 11 I I I : I I I I I 
Cv. LKFHKNNAKSMMKVNTMENEKKKSVQDNFIRFGKRSYEEFPLVNSLDEGFGDKNPGMRLE 
Le. RSHQTARDARGDNFMRFGRSANTKNDFMRFGRQ;NDFMRFGRSPTQDFMRFGRAAASDNF 
I I I I I I I I I I I I I I I I I II I . I I I II I I I II I I : I II I I II I I I . II I II I I I I I : . I I I 
Cv. RSHQTARDARGDNFMRFGRSVNTKNDFMRFGRGANDFMRFGRSPSQDFMRFGRAAGTDNF 
Le. MRFGRQANQDFMRFGRAAGQDFMRFGRSPSQDFMRFGRSPSQDFMRFGRSPSQDFMRFGR 
I I II I II . I I I I I I I II : I I I II II I I . I .. I I II I II II I II I I II I I . I II I II II I I 
Cv. MRFGRQASQDFMRFGRAPGQDFMRFGRTPNRDFMRFGRSPSQDFMRFGRTPSQDFMRFGR 
Le. SPSQDFMRFGRAPSQDFMRFGRAGQDNFMRFGRNPQQDFMRFGRTPQQDFMRFGRNTPKI 
. I : I II I I II II I : II I I II II I : . : : II II I I .. I : : II I I I I I I I I II I I I II I . I : 
Cv. APGQDFMRFGRAPGQDFMRFGRASGQDFMRFGRAGQDGFMRFGRTPQQDFMRFGRNPLKV 
Le. P . . QNFMRYSRPDNFMRFGRTPPQPSDNFIRFGKSIEKSNDKNSSQPLLGKNELKQAVKL 
I 1111111111111111-IIIIIIIIIIIIIIIIII 11111111=11111111111 
Cv. PVNTNFMRYSRPDNFMRFGRAPPQPSDNFIRFGKSIEKSMDKNSSQPLMGKNELKQAVKL 
Le. IHEADKNADNENPVDKAIKVLFDKHQQQDQDDKVHSNELNLDSSNQHNDNNDNTELDSDL 
lllllllllllllllllllllllllllllll=l-11=111 :.111111.11 11111 
Cv. IHEADKNADNENPVDKAIKVLFDKHQQQDQDNKAHSDELNGETSNQHNDSND ... LDSDL 
Le. DYFLKMSK 
II II II II 
Cv. DYFLKMSK 
Figure 5.12. An amino acid sequence alignment of the FMRFamide 
prohormone from L. cuprina (Le.) and C. vomitoria (Cv.). Solid bars 
denote identical sequence, dots indicate conservative substitutions and 
blank spaces indicate non conservative substitutions. Dots in the 
sequence indicate gaps introduced to align the sequences at regions of 
homology. FMRFamide-like peptides are shown in bold face. 
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changes in 166 amino acids, all occurring in the N -terminal regions of 
the peptides. As a result, only five peptides are the same in both 
L. cuprina and C. vomitoria. Although this amount of neuropeptide 
sequence diversity is both suprising and unexpected, its significance will 
only become clear when the biological function, or lack of function, for 
the different peptides is determined. AB was found with the Drosophila 
genes, the pattern of tribasic, dibasic and single basic residues flanking 
the peptides is conserved (Fig. 5.9) suggesting that this pattern is 
important for prohormone processing. A detailed comparison of the 
L. cuprina and C. vomitoria peptides is described in Appendix 1. 
5.4 Discussion 
The L. cuprina FMRFamide gene was isolated because the 
presence of FMRFamide immunoreactive nerve fibres in the CA of third 
instar larvae suggested that FMRFamide-like peptides might be involved 
in the regulation of CA activity. The discussion of the data presented in 
this chapter is restricted to juvenile-hormone related issues. The 
broader implications of the work are covered in the manuscript included 
in Appendix 1. 
In this study, several of the peptides encoded within the L. cuprina 
gene sequence were synthesised and characterised, but no evidence was 
found for their involvement in regulation of JHB3 production. It is still 
possible that the FMRFamide gene is involved in regulating CA activity, 
but that its involvement has not been recognised because the selection of 
L. cuprina FMRFamide peptides tested in the radiochemical assay was 
incomplete. Alternatively the assumption that the immunoreactivity 
observed in the nerve terminals was due to a reaction of the FMRFamide 
antisera with FMRFamide peptides may not be correct. Both possibilities 
are discussed below. 
Not all the peptides encoded in the FMRFamide gene were tested 
for allatostatic activity. Of the 18 encoded peptides, the SPSQDFMRFG 
sequence is repeated four times so 14 different N-terminal sequences are 
encoded within the gene, of which only five were tested. Two 
explanations for the N-terminal divergence of FMRFamide-like peptides 
have been proposed (Schneider and Taghert, 1988). The first of these is 
that the sequence of the N-terminal region of the molecule is not 
physiologically significant and hence has been free to change during 
evolution. Alternatively, the variable region may confer differing 
stabilities or biological actions on the various peptides and hence 
represent the structural basis for complex physiological actions. The 
consensus in the literature is a combination of these two explanations, 
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there being a minimum sequence requirement for some peptides, with 
the remainder being free from negative selection because they are either 
non-functional or their biological activities are dependent on length 
and/or position of specific amino acid residues. 
That the changes observed between the proposed L. cuprina 
peptides and the C. vomitoria peptides are only conservative substitutions 
in the N termini, suggests that in these species this region is important 
for biological activity. This is supported by a structure-function analysis 
of six C. vomitoria FMRFamide nonapeptides which were tested for their 
effects on the blowfly heart (Duve et al., 1992a). Despite the fact that the 
peptides were identical in length and similar in sequence, only two were 
active in this bioassay. A further study found three of the C. vomitoria 
FMRFamide peptides were able to induce fluid secretion from isolated 
salivary glands and all others tested were inactive, despite some having 
very similar sequences. Molecular modelling of the structure of these 
peptides suggests that the secondary structure of the N-terminal region 
determines function (A. Thorpe and H. Duve, personal communication). 
Thus, peptides with similar primary structure can vary considerably in 
secondary structure, and hence in their biological activities. In regard to 
this study, this implies that all the FMRFamide-like peptides should be 
tested for a role in regulation of JHB3 synthesis. Unfortunately the 
expense involved in the synthesis of peptides restricted the number of 
peptides that could be tested in this manner. · 
An alternative, and perhaps more likely situation, is that it is not a 
FMRFamide peptide but a peptide with similar structure which is 
involved in the regulation of CA activity. Whilst immuno-cytochemistry 
is a useful technique for mapping the location of neuropeptides in the 
insect tissue, it has some inherent problems, primarily with the 
specificity of the immunological reaction. An antiserum may not only 
react with the target antigen but also cross-react with structurally 
similar peptides. For example, most of the neurons recognised by the 
FMRFamide antisera in Colorado Potato Beetle also reacted to antisera 
against bovine pancreatic polypeptide, a 36 amino acid peptide with a 
similar carboxy terminal sequence (R-Y-NH2) (Veenstra and 
Schooneveld, 1984). Work with a polyclonal FMRFamide antiserum has 
demonstrated that the similarity between the recognised antigen and 
FMRFamide need not be greater than the R-F-NH2 carboxy terminal 
(Weber et al., 1981). The antisera used in this study obviously are not 
specific to FMRFamide as the cells containing the FMRFamide message, 
as determined by the in situ hybridisation experiments (Fig. 5.8), 
represent only a small sub-population of the cells recognised by the 
FMRFamide antisera (Fig. 5.2). 
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In L. cuprina, other genes encoding peptides with the sequence -R-
F-NH2 at their carboxy termini include the sulfakinin gene, encoding two 
peptides (P.D. East, personal communication) and a novel FLRFamide 
gene, encoding the peptide TDVDHVFLRFamide (P.D. East, personal 
communication). Because the antiserum used in this study was cross 
reactive with other peptides, the TDVDHVFLRFamide peptide was also 
tested for its effect on JHB3 synthesis. This peptide had no effect on CA 
activity. Antiserum specific to the L. cuprina sulfakinin peptides did not 
recognise the nerve terminals in the CA (P.D. East, personal 
communication) so the sulfakinin peptides were not tested. 
Whilst this indirect approach was not successful in identifying the 
allatostatic factor regulating the CA of third instar larvae it has provided 
information about the FMRFamide gene. The immunocytochemistry 
and in situ data alone are clearly unable to elucidate neuropeptide 
function, but they do suggest that FMRFamide peptides in L. cuprina 
serve both neural and neuroendocrine roles. Some cells, such as the pair 
in the ventral sub-oesophageal ganglion, appear to project axons only 
within the CNS and are most likely interneurons. Others, such as the 
three pairs of ventral thoracic neurosecretory cells, deliver their contents 
to neurohaemal organs on the dorsal surf ace of the ventral ganglion, 
· suggesting that at least some of the peptides serve a hormonal function. 
A growing number of neuropeptides have been found in the nervous 
system of invertebrates in recent years, but information on the genes that 
encode them is generally lacking. This information is necessary to 
further understand the regulation of neuropeptide genes. 
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Chapter Six 
Characterisation of neuropeptide regulators 
of juvenile hor1none synthesis 
6.1 Introduction 
In chapter three JHB3 synthesis by the CA of L. cuprina larvae was 
found to be regulated, at least in part, by signals originating in the brain. 
Chapter five described an immunological approach taken to identify 
these regulatory signals. As this approach was non-conclusive, an 
alternative and more direct method to identify the allatostatic factors was 
attempted. This chapter describes the further characterisation of brain 
extracts and the subsequent isolation of an allatostatic neuropeptide. 
Neuropeptides that inhibit the ability of the CA to synthesise 
juvenile hormone have been isolated from the moth M. sexta, and the 
cockroaches D. punctata and Periplaneta american&. In addition, a 
family of peptides with close structural homology to the D. punctata 
allatostatins has been isolated from C. vomitoria. These C. vomitoria 
peptides, known as 'callatostatins', have no endogenous allatostatic 
activity but do inhibit juvenile hormone synthesis in D. punctata . With 
the exception of the M. sexta peptide, all the allatostatins have C-
terminal amino acid sequence homology, suggesting that they belong to 
the same peptide family. The primary structure of these allatostatins 
and references to the method of their isolation is given in Table 6.1. 
It is not known if the allatostatic peptides function as in vivo 
regulators of juvenile hormone synthesis. Partially purified brain 
extracts of C. vomitoria have endogenous allatostatic activity (Duve et al., 
1992b) but the callatostatins themselves have no demonstrable activity on 
the adult CA of this species (Duve et al., 1993). This suggests that the 
callatostatins are either important in regulating juvenile hormone 
synthesis in other stages of the insect life cycle or serve an entirely 
different function. The first idea is not supported by studies on 
L. cuprina. A gene has been isolated from this species which encodes 
peptides identical to the C. vomitoria callatostatins (P.D. East, personal 
communication). These peptides have no allatostatic activity in either 
adults or larvae of L. cuprina (personal observation). Additionally, 
antisera against these peptides do not recognise products in the CA of 
L. cuprina adults (P.D. East, personal communication) or larvae (Table 
5.3)._ On the other hand, immunocytochemical analysis has indicated 
other potential physiological functions. Antiserum specific to the 
callatostatin ANRYGFGL-amide does not recognise the lateral 
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Table 6.1. Sequences of allatostatic neuropeptides identified in Insecta. 
Species Sequence References 
D. punctata A-P-S-G-A-Q-R-L-Y-G-F-G-L-NH2 
G-D-G-R-L-Y-A-F-G-L-NH2 
Y-P-Q-E-H-R-F-S-F-G-L-NH2 
G-G-S-L-Y-S-F-G-L-NH2 Woodhead et al., 
D-G-R-M-Y-S-F-G-L-NH2 1989, 
D-R-L-Y-S-F-G-L-NH2 Pratt et al., 1989 
*S-K-M-Y-G-F-G-L-NH2 Pratt et al., 1991 
*A-R-P-Y-S-F-G-L-NH2 Stay et al., 1993 
*I-P-M-Y-D-F-G-L-NH2 Donley et al., 1993 
*P-F-N-F-G-L-NH2 
*L-Y-D-F-G-L-NH2 
*P-V-N-S-G-R-S-S-G-S-R-F-N-F-G-L-NH2 
A-Y-S-Y-V-S-E-Y-K-R-L-P-V-Y-N-F-G-L-NH2 
P. americana S-P-S-G-M-G-R-L-Y-G-F-G-L-NH2 Weaver and 
A-D-G-R-L-Y-A-F-G-L-NH2 Freeman, 1993 
C. vomitora D-P-L-N-E-E-R-R-A-N-R-Y-G-F-G-L-NH2 
L-N-E-E-R-R-A-N-R-Y-G-F-G-L-NH2 
A-N-R-Y-G-F-G-L-NH2 Duve et al., 1993 
*N-R-P-Y-S-F-G-L-NH2 
G-P-P-Y-D-F-G-M-NH2 
M. sexta #pQ-V-R-F-R-Q-C-Y-F-N-P-I-S-C-F Kramer et al, 1991 
* denotes sequences identified by gene sequence only, these peptides are 
encoded on the D. punctata allatostatin gene (Donly et al., 1993), but have not 
yet been tested for their ability to inhibit juvenile hormone synthesis; # pQ is 
pyroglutamate, * The correct sequence as predicted by gene sequence (P.D. 
East, personal communication). 
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neurosecretory cells which innervate the CA of C. vomitoria , but does 
recognise neurons that innervate the hindgut, rectum, rectal papillae 
and oviduct (Duve et al., 1993). This suggests a role for the callatostatins 
in the regulation of gut activity (Duve and Thorpe, 1994). 
Seven allatostatins have been isolated from brain tissue of adult 
D. punctata (Woodhead et al., 1989; Pratt et al., 1989; Pratt et al., 1991). 
These are encoded within a single prohormone which, if completely 
processed, would yield an additional eight peptides (Donly et al., 1993). 
All the isolated peptides have a C-terminal sequence of Y-(X)-F-G-L-
amide, which is the minimum requirement for allatostatic activity (X 
denotes A, D, G, N or S; Stay et al., 1991). Antisera specific to 
APSGAQRL YGFGL-amide recognise a large population of cells in the 
brain, including a subset of cells known to project axons to the CA. In 
addition, this antiserum recognised some of the nerve terminals within 
the CA (Stay et al., 1992). However, although the immunocytochemical 
localisation of these peptides in the CA is consistent with an allatostatic 
role, gene expression has only been reported in four large medial cells in 
the pars intercerebralis of the protocerebrum (Donly et al., 1993). These 
cells do not project to the CA but terminate within the protocerebrum 
(Stay et al., 1992). More extensive immunocytochemical analysis has 
shown that the allatostatic peptides are far more abundant in the 
cockroach gut than the CA (Unnithan et al., 1993) suggesting that, like 
the callatostatins, at least some members of the allatostatin family are 
involved in regulating gut activity. The existance of multiple family 
members complicates the analysis of the cockroach allatostatins. The 
fact that they are allatostatic only at certain times in the insect life cycle 
and only at high (micromolar) concentrations and they do not shut down 
activity completely (Pratt et al., 1991) may reflect the incomplete testing of 
all the peptides in the family. Alternatively, these results may suggest 
that either additional or alternative signals to these allatostatic peptides 
regulate the CA of D. punctata. 
The P. americana allatostatins are more potent inhibitors of 
juvenile hormone synthesis than the D. punctata peptides, with 50% 
inhibition occurring at lQ-lOM, and the peptides are capable of completely 
shutting down CA activity (Weaver et al., 1993). These peptides are 
clearly homologous to the peptides from D. pun ct at a and their 
characteristics are more consistent with a role for members of this 
family as in vivo regulators of juvenile hormone synthesis. The 
endogenous homologues of these two peptides have not yet been tested for 
allatostatic activity in D. punctata. 
A single allatostatic neuropeptide, with no sequence homology to 
any of the other allatostatins, has been isolated from M. sexta pharate 
adult heads (Kramer et al., 1991). The peptide is active in nanomolar 
concentrations and has allatostatic activity only in lepidopteran species. 
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Whilst further studies are required to conclusively identify it as the 
native allatostatin of M. sexta it has not yet been implicated in any other 
role. 
Three levels of inhibition regulate JHB3 synthesis in the final instar 
of L. cuprina (see Chapter 3). These are: 
1. A rapidly reversible, brain-derived developmental inhibition, most 
probably of the a-methyl transferase enzyme, occurring only at 
the onset of pupariation; 
2. A rapidly reversible, brain-derived non-developmental inhibition 
occurring before mevalonate in the synthetic pathway, acting at 
all stages of the final instar; 
3. A non-reversible developmental regulation also acting before 
mevalonate, occurring at the onset of pupariation. 
The non-developmental regulation was apparently mediated by a 
neural, allatostatic factor with properties characteristic of a peptide (see 
Chapter 3). This chapter provides further evidence that this factor is 
indeed a neuropeptide and describes its isolation and characterisation. 
A preliminary characterisation of the other brain-derived level of 
regulation is also described. 
6.2 Materials and Methods 
6.2.1 Animals 
The larvae used for experiments reported in this chapter were 
raised and staged as described in chapters 2 and 3. The white-eye 
mutant of L. cuprina used as the source material for allatostatin 
isolation was developed as a strain by Dr Geoff Foster of CSIRO, Division 
of Entomology, Australia. White-eyed flies were used to eliminate 
problems with the reproducibility of HPLC purification steps resulting 
from the abundance of eye colour pigments present in extracts of wild-
type flies. Newly emerged flies were frozen at -80°C until required. 
6.2.2 Head and brain extracts 
Flies, frozen at -80°C, were broken up by vigorously shaking them in 
a flask. Heads were then sieved away from the body parts using a 
graduated series of grids, also kept at -80° C. Both head and brain 
extracts were prepared as described for brain extracts in Section 3.2.3, 
except that the sample was eluted off the Sep-Pak column step-wise with 
increasing concentrations (20, 40, 60, 80 and 100%) of methanol in 0.1 % 
trifluroacetic acid (TFA), each fraction being tested for allatostatic 
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activity. The brain extracts from prepupae were tested for activity before 
being applied to the Sep-Pak cartridge. 
In samples to be applied to the HPLC column, an additional step 
was included to remove lipids before application to the Sep-Pak 
cartridges. In this step, the supernatant was mixed with an equal 
volume of ethyl acetate, vortexed vigorously then centrifuged for 20 
minutes at 10,000g. The aqueous phase was retained and the procedure 
repeated with n-hexane. The residual n-hexane in the aqueous phase 
was removed by rotary evaporation at 30° C. 
6.2.3 Pronase treatment 
The proteinaceous nature of the allatostatic factor was shown by 
incubation with pronase E, a mixture of acid and serine proteases from 
Streptomyces griseus (Sigma). Brain extracts, prior to application to the 
Sep-Pak column, were incubated in an equal volume of lmg/ml 
pronase E in 0.046M Tris-HCl (pH 7.4), 0.115M CaC12 and incubated at 
25°C for 30 minutes. The sample was then processed over a Sep-Pak 
column as described for brain extracts in Section 3.2.3. 
6.2.4 Bioassay for allatostatic activity 
The radiochemical assay described in chapter 2 was used to test 
HPLC fractions for allatostatic activity and to establish reversibility of 
inhibition by the active fractions. Unless otherwise stated, ring glands 
were obtained from third instar feeding stage larvae as defined in 
chapter 2. HPLC fractions were dried down in the presence of 0.1 % BSA 
before bioassay to help stabilise allatostatic activity. Inclusion of 0.1 % 
BSA alone had no effect on the bioassay. If BSA was not added to the 
sample then allatostatic activity was often reduced or lost. 
6.2.5 Purification of allatostatin 
Adult head extract was made from heads of 60,000 newly eclosed 
L. cuprina adults. The extract was applied to Sep-Pak cartridges at 
approximately 800 heads per cartridge and eluted with 40-60% 
methanoV0.1 % TF A and concentrated to less than 20% methanol by 
rotary evaporation at 30° C. A five step procedure was then used to purify 
the allatostatic peptide. HPLC was performed using a Beckman 126 
programmable solvent module with a 166 detector module using the 
System Gold software package (Beckman). Solvent A was 0.1% TFA in 
water and solvent B was acetonitrile (ACN)/0.1 % TFA. Sample was 
applied to the HPLC columns using a 5ml sample loop. To minimize 
losses of material, bioactive fractions from each HPLC step were diluted 
to less than 10% ACN and injected onto the next column without drying 
down. 
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Step One: 210mm x 4.6mm, 10 micron particle size, 300A pore size, 
reverse-phase Brownlee C 18 cartridge (Applied Biosystems ). 
Approximately 3,000 head equivalents were loaded each run. A linear 
gradient of 1.0% ACN/minute with a flow rate of 1.5ml/minute was used 
to-elute material off the column. The complete gradient is outlined in 
Table 6.2. Fractions were collected at one minute intervals and tested for 
allatostatic activity using the radiochemical assay. 
Table 6.2. Conditions of the first HPLC gradient used for 
purification of the allatostatic factor from L. cuprina heads. 
Phase of run 
loading elution wash re-equilibration 
Time 0 5 70 75 93 100 
(min) 
%A 100 100 50 0 0 100 100 
%B 0 0 50 100 100 0 0 
Step 2. 100mm x 4.6mm, 10 micron particle size, 300A pore size, reverse 
phase Brownlee C18 cartridge (Applied Biosystems). A linear gradient of 
1.0% ACN/minute with a flow rate of l.5ml/minute was used to elute 
material off the column. The complete gradient is outlined in Table 6.2. 
Fractions were collected at one minute intervals and tested for 
allatostatic activity. 
Step 3. A 100mm x 2.1mm, 7 micron particle size, 300A pore size, reverse 
phase Brownlee CB cartridge (Applied Biosystems). A linear gradient, as 
described in Table 6.3, with a flow rate of 0.4ml/minute was used to elute 
the sample off the column. Fractions were collected at 30 second 
intervals and assayed for bioactivity. 
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Table 6.3. Conditions of the second HPLC gradient used for 
purification of the allatostatic factor from L. cuprina heads. 
Phase of run 
loading elution wash re-equilibration 
Time 0 10 70 85 ~ 105 
(min) 
%A 00 60 0 0 0 
%B 10 10 40 100 100 100 
Step 4. 100mm x 2.1mm, 7 micron particle size, 300A pore size, reverse 
phase Brownlee CS-Phenyl cartridge (Applied Biosystems). A linear 
gradient as described in Table 6.3, with a flow rate of 0.4ml/minute was 
used to elute the sample off the column. Fractions were collected at 30 
second intervals and assayed for bioactivity. 
Step 5. A 100mm x 2.1mm 7 micron particle size, 300A pore size, reverse 
phase Brownlee C4 cartridge (Applied Biosystems). Again a gradient as 
described in Table 6.3, with a flow rate of 0.3ml/minute, was used to elute 
the sample off the column. Peaks were collected and assayed for 
bioactivi ty. 
6.2.6 Mass spectrum and sequence analysis 
Mass spectrometry was done on a laser desorption ionisation time-
of-flight mass spectrometer (VGTOFSPEC, Fison Instruments) by Dr 
Peter Milburn at John Curtin School of Medical Research, Canberra. 
Sequence analysis was performed by Auspep Pty. Ltd. Australia. 
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6.2.7 Competitive enzyme-Jinked immunosorbent ~y (ELISA) 
Sample preparation: The allatostatic fraction after C18 HPLC 
purification (the equivalent of ten heads) was dried to completion in the 
presence of 10µ1 PBS (Section 5.2.1) + 1 % (v/v) normal goat serum. The 
pellet was resuspended in PBS overnight at 4°C. The sample was 
preabsorbed with a 1:15,000 dilution (in PBS+ 1 % normal goat serum) of 
a rabbit FMRFamide antiserum (Peninsula Laboratories) overnight at 
4 °C. RFamide standards and adjacent HPLC fractions were prepared in 
the same way. 
ELISA: The competitive ELISA used was based on that of Engvall and 
Perlmann (1971), and Van Weemen and Schuurs (1971a,b). The wells of 
a multititre plate (Nunc) were coated overnight at 4°C with Phe-Leu-Arg-
Phe-amide conjugated to ovalbumum (Mayer and Walker, 1987). The 
wells were then washed with PBS + 0.05% Tween 20 (PBStrw), blocked 
with PBS + 1 % (w/v) skim milk powder (Diploma) at room temperature 
for 30 minutes, then washed again in PBStrw. Following this procedure 
100µ1 of sample was added and incubated at 4°C overnight. The wells 
were then rinsed with PBStrw (3 times). A 1: 1,000 dilution (in PBS + 1 % 
normal goat serum) of biotinylated donkey anti-rabbit antibody was added 
to each well and the plate was incubated at room temperature for 60 
minutes. The wells were rinsed again with PBS/Tw (3 times) and a 
1: 1500 dilution, in PBS + 1 % normal goat serum, of streptavidin-
conjugated horseradish peroxidase was added. After a 60 minute room 
temperature incubation the wells were again rinsed with PBS/Tw (3 
times) and 0.55µg (w/v) of the peroxidase substrate ABTS in 
phosphate/citrate buffer (O.lM citric acid, 0.2M Na2HP04, 0.01 % v/v H202) 
was added. After a 25 minute incubation (room temperature) the optical 
density at 405 nm was measured on a multiplate reader (Bio-Rad). 
6.3 Results 
6.3.1 Characterisation of reversible developmental regulation 
The reversible developmental inhibition identified in chapter three 
was found only in prepupal brains and was characterised by a loss of 
response of prepupal brain-ring gland complexes to exogenous farnesoic 
acid. To determine if this inhibition was caused by an extractable neural 
factor, feeding larval and prepupal ring glands were incubated in the 
presence of both prepupal brain extracts and farnesoic acid (Table 6.4). 
No statistically significant difference was found in the rate of JHB3 
synthesis by glands in the presence or absence of the brain extracts. 
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Table 6.4. Response of ring glands from different developmental stages to 
prepupae brain extracts and farnesoic acid. 
Tissue 
Prepupal brain-ring 
gland complex 
Prepupal isolated 
ring glands 
Prepupal isolated 
ring glands 
Feeding stage larval 
ring glands 
Feeding stage larval 
ring glands 
Treatment 
+ f arnesoic acid 
+ f arnesoic acid 
+ f arnesoic acid & 
prepupal brain extracts 
+ f arnesoic acid 
+ f arnesoic acid & 
prepu pal brain extracts 
JHB3 synthesis 
(pmole/gland/hour) 
0.05 + 0.06 
2.2+0.3 
1.87 ±0.3 
2.7+0.4 
2.2+0.3 
Response of ring glands from different developmental stages to different 
incubation conditions in an attempt to locate a signal for the neural 
inhibition, acting after farnesoic acid, which occurs at the onset of 
pupariation. This level of inhibition prevents stimulation by farnesoic 
acid. Ten brain equivalents per gland were used for each incubation. 
Values are the mean+ SEM of 6-12 determinations. 
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6.3.2 Characterisation of non-developmental inhibition 
The allatostatic factor in third instar feeding stage larval brain 
extracts identified in chapter three was postulated to be peptidergic in 
nature, because it was heat and methanol stable and could be enriched 
on a Sep-Pak column. Further characterisation showed that the 
allatostatic effect was reversed when inhibited glands were transferred to 
fresh media and that excess exogenous farnesoic acid overcame 
inhibition (Table 6.5). When brain extracts from feeding larvae were 
applied to the same reverse phase C18 (100mm x 4.6mm) HPLC column 
used for purification of the allatostatic peptide from adult heads (Section 
6.2.5, Step 2), the allatostatic activity eluted in one fraction at 29% ACN. 
Further characterisation and isolation of the larval allatostatic 
factor was not technically feasible due to the time required to dissect 
sufficient numbers of third instar larval brains. Since adult heads are 
easily obtained in large quantity, adult head extract was assayed for its 
ability to inhibit JHB3 synthesis. 
Preliminary experiments indicated that head extract had 
allatostatic activity but that the inhibition was not reversed when glands 
were transferred from media containing head extract to fresh media. 
The head extract was fractionated by eluting it off a Sep-Pak column 
· stepwise with increasing concentrations (20, 40, 60, 80 and 100%) of 
methanol in 0.1 % TF A. Three of these fractions inhibited JHB3 synthesis 
(Table 6.6). Further experiments showed that inhibition by the 60-80% 
fraction was irreversible, whereas inhibition by the 0-20% and 40-60% 
fractions was reversed after transferring the gland to fresh media (Table 
6.6). The 0-20% and 40-60% fractions were treated with pronase E, after 
which the 0-20% fraction retained its allatostatic activity and the 40-60% 
fraction became inactive (Table 6.6). This result suggested that the active 
factor in the 40-60% fraction was a peptide, so this fraction was 
subsequently used as starting material in the HPLC purification. 
6.3.3 Purification of identified allatostatic factor 
The 40-60% methanol eluate was separated on a C18 reverse phase 
HPLC cartridge (4.6mm x 21cm) with an ACN gradient. In the initial 
run each fraction was tested for its ability to inhibit juvenile hormone 
synthesis. Allatostatic activity was identified in a single fraction which 
eluted around 33% ACN (Fig. 6.1). The inhibitory activity of this fraction 
had similar characteristics to those described for the larval brain 
extracts (Table 6.5) in that it was reversible and dose dependent. In 
subsequent runs only fractions around and including 33% ACN were 
tested for allatostatic activity. Unfortunately the nature of the bioassay 
preve-nted the quantitation of recovery during this step or the remaining 
purification procedure and consequently it was not possible to determine 
the extent of any losees of allatostatic material. 
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Table 6.5. Characterisation of L. cuprina feeding stage larval brain 
extracts. 
Conditions of incubation 
Experiment 1: 
+ brain extracts 
glands from above transferred to 
fresh media 
Experiment 2: 
+ f arnesoic acid 
+ brain extract & f arnesoic acid 
JHB3 synthesis 
(pmole/gland/hour) 
0.18 + .04 
0.75 + 0.1 
2.80 + 0.3 
2.90 + 0.3 
JHB3 synthesis from feeding stage larval ring glands in response to 
different treatments which involved feeding stage larval brain extracts. 
Experiment 1 involved two incubations each for two hours, the first in the 
presence of brain extract the second in the absence of brain extract. 
Experiment 2 involved a single three hour incubation of separate tissue 
samples. Values are the mean+ SEM of 6-12 determinations. 
- 97 -
Table 6.6. Characterisation of white-eye fly head extracts eluted from a 
Sep-Pak column with increasing concentrations of methanol. 
%methanol 
0-20 
20-40 
40-60 
60-80 
80-100 
Effect on JHB3 synthesis 
reversible inhibition 
none 
reversible inhibition 
non-reversible inhibition 
none 
Response to pronase 
treatment 
none 
(n.t.) 
sensitive 
(n.t.) 
(n. t.) 
White-eye adult head extracts were eluted stepwise from a Sep-Pak 
reverse phase C18 support with increasing concentrations of methanol 
and each fraction was tested for its effect on JHB3 synthesis. Fractions 
with reversible allatostatic activity were treated with pronase E and 
retested for allatostatic activity. Fractions not tested are labelled n.t. 
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Figure 6.1. Typical example of an elution profile obtained from HPLC 
step 1 (C 18 analytical column) during isolation of a L. cuprina allatostatic 
peptide. The fraction containing allatostatic activity is indicated. 
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The allatostatic fractions isolated from step 1 were combined and 
diluted to less than 10% ACN. The equivalent of 12,000 heads (four 
'step l' runs) was applied to a second C18 HPLC column (4.6mm x 10cm) 
and eluted with an ACN gradient similar to that used in step 1. Under 
these conditions bioactivity eluted in one fraction around 29% ACN. The 
difference in the %ACN at which the allatostatic activity eluted is an 
artifact due to the second column being 11cm shorter than the first, thus 
the sample appears to elute earlier in the gradient. 
The bioactive fraction from step 2 was diluted to less than 10% ACN, 
applied to a CB column and eluted with an ACN gradient. In the initial 
run all fractions were tested for their ability to inhibit juvenile hormone 
synthesis. Only one area of allatostatic activity was detected, at around 
26% ACN (Fig. 6.2). In subsequent runs only fractions adjacent to and 
including 26% ACN were tested for their ability to inhibit juvenile 
hormone synthesis. 
The allatostatic fraction from step 3 was diluted to less than 10% 
ACN and applied to a phenyl (CB) reverse phase column. Allatostatic 
activity eluted from this column in only one area at around 28% ACN 
(Fig. 6.3). After a final passage over a C4 column a bioactive fraction 
which corresponded to a single peak was resolved (as detected by OD2 15 
spectrophotometry) which eluted at 26% ACN (Fig. 6.4). This peak was 
collected in two fractions; fraction 1 included the leading edge to the 
height of the peak, fraction two included the remainder of the peak. Both 
fractions were subjected to mass spectral analysis. 
6.3.4 Mass spectrometry analysis 
The laser desorption mass spectrum of a 1: 16 sample to matrix 
dilution of fraction 1 revealed one peak with a molecular mass of 3600 
(Fig. 6.5A). Other minor peaks were observed at 1:4 and 1:8 dilutions 
(Figs. 6.5B & C). In fraction 2, two peaks were detected at a 1:2 and 1:4 
sample to matrix dilution, one of these corresponding in mass to 
3600kDa. These peaks were lost upon further dilution (Fig. 6.6). The 
allatostatic activity of both fraction 1 and fraction 2 were dose responsive, 
with fraction 1 being approximately 10 fold more potent in inhibiting 
JHB3 synthesis than fraction 2 (Table 6. 7). This analysis implicated the 
3600kDa peptide as the factor responsible for the allatostatic activity. 
Fraction 1 was sent to Auspep Pty. Ltd., Australia for sequence analysis. 
6.3.5 Peptide sequence anaJysis 
The sample was subjected to analysis on microbore reverse-phase 
HPLC by Auspep and the material looked to be homogeneous over a 30 
minute gradient of 2% ACN/minute. However, comparison of the ratio of 
absorbance at 215nm and 280nm showed a slight shift in maxima 
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Figure 6.2. Typical example of an elution profile obtained from HPLC 
step 3 (C8 column) during isolation of a L. cuprina allatostatic peptide. 
The location of the fraction containing allatostatic activity is indicated. 
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Figure 6.3. Typical example of an elution profile obtained from HPLC 
step 4 (CB-phenyl column) during isolation of a L. cuprina allatostatic 
peptide. The location of the fraction containing allatostatic activity is 
indicated. 
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peak obtained from HPLC step 5 (C4 column) during the isolation of the 
L. cuprina allatostatic peptide. 
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File:P JM020_7B ldent: 1 SMO (7 ,3) PKO (7,3, 7,0.050%,0.0,50.00%,F, T) SPEC (Heights.Centroid) Acq: 1-Nov-1 993 14: 55 
TOFSPEC LOI+ TOF Bpl:21504 TIC:28223768 Flags:NORM 
File Text :PE001 1 :4 in cyno-4-hydroxycinnamic acid (number of shots averaged 246. Laser Energy 4:1 45 ) 
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File:PJM020_8B ldent:1 SMO (7,3) PKO (7,3,7,0.050%,0.0,50.00%,F,T) SPEC (Heights,Centroid) Acq: 1-Nov-1993 15:02 
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File:PJM020_9A ldent:1 SMO (7,3) PKO (7,3,7,0.050%,0.0,50.00%,F,T) SPEC (Heights,Centroid) Acq: 1-Nov-1993 5:48 
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Figure 6.5. Mass spectral analysis of a series of sample to matrix 
dilutions of the L. cuprina allatostatic peptide, fraction 1. A. 1:4 dilution; 
B. 1:8 dilution; C. 1: 16 dilution. 
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Figure 6.6. Mass spectral analysis of a series of sample to matrix 
dilutions of the L. cuprina allatostatic peptide, fraction 2. A. 1:2 dilution; 
B. 1:4 dilution; C. 1:8 dilution. 
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suggesting that the sample contained a contaminant. It was estimated 
that the sample contained approximately 250pmole peptide, sufficient to 
obtain sequence information. 
Table 6.7. Dose response of fractions containing allatostatic peptide. 
Amount of sample % Inhibition 
tested (µ1) 
Fraction 1 Fraction 2 
0 0 0 
0.25 55 11 
0.5 5 
1.0 30 
2.0 94 82 
An aliquot was subjected to N-terminal sequencing, but no 
sequence information was returned after five cycles, suggesting that the 
sample was N-terminally blocked. The sample was then subjected to a 
series of digestion experiments. 
Tryptic digest: Approximately 80pmole of the sample was digested in 
solution with trypsin and then run on microbore reverse-phase HPLC. 
Three fragments were identified (976, 978 and 977) and subjected to N-
terminal sequencing. Fragments 976 and 977 gave barely detectable 
sequence information (Table 6.8). 
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Table 6.8. Amino acid sequence information data after 
trypsin digestion. 
Fragment 
976 
977 
978 
Cycle number 
1 2 3 4 5 
? V F 
? M F 
No sequence 
Cyanogen Bromide digest: Approximately 40pmoles of sample was 
digested with cyanogen bromide then analysed by microbore reverse-
phase HPLC. No peaks were observed. 
Asp-N digest: Approximately 30pmoles of sample was digested with 
Asp-N then analysed by microbore reverse-phase HPLC. No peaks were 
observed. 
Finally, 30pmole of the peptide sample was run on the same 
microbore reverse-phase HPLC column that initially had suggested the 
material to be homogeneous, but with a 120 minute gradient (as 
compared to the 30 minute gradient cited earlier in this section). Under 
these conditions the elution profile showed one major and five minor 
components. Analysis of these components showed that the major 
component had allatostatic activity, but insufficient material remained to 
allow further analysis. 
6.3.6 Test for RFamide immunoreactivity 
A competitive ELISA was used to demonstrate that the allatostatic 
material recovered after step 1 in the HPLC purification protocol (Section 
6.2.5) was not the RFamide peptide detected in the CA by 
immunocytochemistry (Table 6.9). Strong RFamide immunoreactivity 
was found in fractions eluting earlier in the gradient (28 and 29% ACN) 
and _weak immunoreactivity was found in the fractions eluting at 30% 
ACN. No immunoreactivity was detected in fractions adjacent to the 
allatostatic fraction (31, 32 and 34% ACN). 
- 107 -
Table 6.9. RFamide immunoreactivity of fractions from HPLC protocol, 
step 1. 
Fraction (time) 
RFamide 
imm unoreactivi ty 
28 
+++ +++ + 
31 3'2 33* 34 
+++ indicates strong immunoreactivity, + indicates some 
immunoreactivity and - indicates no immunoreactivity. * denotes the 
fraction with allatostatic activity. 
6.4 Discusmon 
6.4.1 Reversible developmental inhibition 
At the onset of pupariation a level of inhibitory regulation acts after 
farnesoic acid on the juvenile hormone pathway (see Chapter 3). This 
inhibition requires the axonal connections between the CA and the brain 
to be intact, suggesting that the brain is modulating pathway activity. 
The inhibition is characterised by a lack of stimulation of juvenile 
hormone synthesis from prepupal brain-ring gland complexes in the 
presence of farnesoic acid, compared to a more than 10 fold stimulation 
of activity from isolated prepupal ring glands in the same conditions 
(Section 3.3.3). Prepupal brain extracts were unable to mimic the 
inhibition by the intact nervous connections. Specifically, the extracts did 
not prevent farnesoic acid from stimulating synthesis from isolated 
prepupal ring glands. Therefore, it is not known if the developmental 
inhibition is a result of neural impulses involving neurotransmitters or 
of axonal transport of a neuropeptide. Alternative extraction procedures 
will be required to find the neural factor in prepupal brains responsible 
for this type of inhibition. The application of other extraction techniques 
was prevented by time limitations. 
6.4.2 Reversible non-developmental inhibition 
A non-developmental neural inhibition of the JHB3 synthetic 
pathway was also identified in chapter three. This was characterised by 
a release of inhibition when the nervous connections between the brain 
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and the CA were severed (see Section 3.3.1. ). Although larval brain 
extracts mimicked the effect of intact neural connections, further 
characterisation of these extracts was limited by the difficulties involved 
in collecting sufficient numbers of larval brains to allow purification of 
the inhibitory factor. C18 reverse phase HPLC analysis of a 40-60% 
methanol extract of adult heads found a single allatostatic fraction which 
had the same characteristics as the larval brain extracts (Table 6.10). 
Since preparation of large numbers of fly heads did not pose any 
significant technical problems, an adult head extract was used as 
starting material in the isolation procedure. The similarity in 
characteristics between the 40-60% methanolic fraction of the larval 
brain and the adult head extracts suggests that both contain the same 
inhibitory factor, implying that the same allatostatin is used to regulate 
JHB3 synthesis in both adults and larvae. 
An allatostatic peptide with a molecular weight of 3600Da was 
purified to apparent homogeneity as determined by reverse phase HPLC 
analysis. Unfortunately sequence analysis of this peptide was 
unsuccessful. The peptide was apparently N-terminally blocked, as N-
terminal sequencing of the intact peptide and one of the three peaks 
generated from tryptic digestion generated no sequence data, although 
ambiguous sequence information was returned from the other two 
tryptic digest peaks. In an attempt to obtain further sequence data other 
digestion methods were used to try to cleave the peptide. These digestions 
were unsuccessful, a result attributed to the presence of multiple 
components in the sample. Apparently the digestion of a mixture of 
components gives rise to many fragments, which on reverse phase 
HPLC, tend to mask each each other, and as a result no clear sequence 
information can be obtained (Dr C. Chandler, personal communication). 
Microbore HPLC of the sample resolved one major and five minor 
components, a finding consistent with initial diode array analysis which 
showed a slight shift in maxima between the 215nm and 280nm specta 
and the mass spectral data which also showed the presence of multiple 
compounds. This problem with sample heterogeneity would be reduced 
if a different type of HPLC, rather than reverse phase, or an alternative 
ion-pairing agent (e.g. ammonium acetate, NH40Ac, rather than TFA) 
was used during purification procedure. 
Previously, neuropeptides capable of inhibiting juvenile hormone 
synthesis have been isolated from D. punctata, C. vomitoria and M. sexta 
(Table 6.1). The L. cuprina allatostatin shares several characteristics 
common to these previously isolated peptides. The inhibition by the 
peptide was completely reversed when glands were transferred to fresh 
media, as was found with the other allatostatic peptides (Kramer et al. , 
1991; Woodhead et al., 1989) and inhibition occurs prior to the conversion 
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Table 6.10. Characteristics of larval brain and adult head extracts. 
Characteristic Larval brain extract Adult head extract 
Stable to boiling yes yes 
Methanol soluble yes yes 
% methanol in which 40-60% 40-60% 
bioactiviy elutes off Sep-Pak 
cartridge 
% ACN in which bioactivity 29% 29% 
elutes off C18 HPLC column 
Is bioactivity reversible? yes yes 
Site of inhibition on the 
juvenile hormone pathway Before farnesoic acid Before farnesoic acid 
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of farnesoic acid to juvenile hormone on the biosynthetic pathway, as also 
occurs in other species (Kramer et al., 1991; Pratt et al., 1989). The 
L. cuprina allatostatin shows further similarities to the allatostatin of 
M. sexta (Kramer et al., 1991) in that it appears to be N-terminally 
blocked and it was the only neural peptide identified with allatostatic 
activity. Evidence was found for only one peptide in M. sexta, whereas 
multiple allatostatins have been isolated from D. punctata (Woodhead et 
al., 1989; Pratt et al., 1989, 1991) and the callatostatin family from 
C. vomitoria contains five peptides (Duve et al., 1993). 
The similarities between the L. cuprina allatostatic peptide and the 
M. sexta alloatstatin are interesting in light of the finding that antisera 
against the M. sexta peptide recognises products in the CA of 
D. melanogaster (Zitnan et al., 1993). It has been suggested that the 
antisera may be recognising the true dipteran allatostatin (Duve and 
Thorpe, 1994). This infers that the dipteran allatostatin has structural 
similarities to the M. sexta peptide. However, there is a large size 
difference between the L. cuprina allatostatin and the other isolated 
allatostatic peptides. Based on an average molecular weight of 118.9Da 
per amino acid residue; it is estimated that a 3600Da peptide contains 
approximately 30 amino acid residues. In comparison, the M. sexta 
· allatotropin is 15 amino acids (Kramer et al., 1991) and the D. punctata 
and C. vomitoria peptides range from 8 to 18 amino acids in length (Duve 
et al., 1993; Woodhead et al., 1989; Pratt et al., 1989, 1991). The difference 
in size suggests that the L. cuprina allatostatin represents a novel 
allatostatic peptide. 
A single HPLC fraction containing the allatostatic peptide was not 
recognised by anti RFamide antisera, demonstrating that it did not 
contain the neuropeptide found in the nerve terminals of the CA which 
was detected by immunocytochemistry (Chapter 5). The allatostatic 
peptide eluted from the C18 reverse phase column later than several 
strongly RFamide immunoreactive fractions. These RFamide 
immunoreactive fractions eluted from the C18-HPLC column at similar 
concentrations of ACN to fractions identified by Duve et al., (1992a) from 
which 15 C. vomitoria FMRFamide-like peptides were subsequently 
isolated. 
In conclusion, this chapter describes a procedure for the isolation of 
a L. cuprina allatostatic peptide. Whilst this peptide has physiological 
properties similar to those of other isolated allatostatic peptides, 
physically it is substantially larger, suggesting that it may represent a 
new allatostatin. 
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7.1 Introduction 
Chapter Seven 
General Discussion 
The aims of this study were to define the pattern of juvenile 
hormone synthesis from the larval ring gland of L. cuprina and to use 
this information to identify and characterise neuropeptide regulators of 
juvenile hormone production. Whilst pursuing these aims, this study 
touched on many aspects of the biology of juvenile hormone in 
L. cuprina, the findings often having implications for further 
understanding of the role and regulation of juvenile hormone synthesis 
in Diptera in general. This chapter attempts to integrate the results of 
this study with the current understanding of dipteran juvenile hormone 
biology, at the same time incorporating ideas for the direction of further 
research into regulation of juvenile hormone synthesis in L. cuprina. 
72' Juvenile hormone bisepoxide (JIIBJ) 
7.2.1 JHBa as the clipteranjuvenile hormone 
Currently there is some uncertainty about the identity of the 
functional juvenile hormone in higher Diptera. In the larvae of all 
species studied to date, JHB3 is implicated because it is the major isoform 
released by the ring gland. These species include D. melanogaster, 
Musca domestica, Calliphora vicina, Sarcophaga bullata (Richard et al., 
1989a), C. vomitoria (Cusson et al., 1991; Duve et al., 1992b) and now also 
L. cuprina (Chapters 2 & 3). In both L. cuprina and D. melanogaster, the 
only dipteran species where developmental profiles of JHB3 production 
are available, synthesis is regulated during the final instar and is 
inhibited prior to metamorphosis. A reduction in juvenile hormone titre 
appears to be common to all insects prior to the emergence of the adult 
form (Gilberts et al., 1980), thus the inhibition of JHB3 synthesis 
reinforces a juvenile hormone role for JHB3 in the higher Diptera. 
However, JHB3 has not yet been reported in the haemolymph or whole 
organism extracts of any species. Dr M. Lacey of the CSIRO, Division of 
Entomology, Australia, has unsuccessfully tried to detect the hormone in 
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haemolymph of L. cuprina using experimental methods that readily 
permit quantification of JHIII in locust haemolymph (personal 
communication). In control experiments he found that JHB3 is very 
unstable in haemolymph and has suggested that the lack of a result may 
be due to this instability. 
As JHB3 has not been found in the haemolymph of higher dipteran 
species, it has been suggested that the JHB3 released from the CA is the 
prohormone of an active cyclic compound formed by the bridging of the 
epoxide groups (R. Rickards, personal communication). This cyclic 
derivative is predicted to be more stable than JHB3. Although, as yet, 
there is no evidence that such a molecule is either present in the insect or 
is bioactive, cyclic derivatives of JHB3 do spontaneously form from free 
JHB3 (M. Lacey, personal communication). 
The other known juvenile hormone isoform with a possible 
juvenile hormone function in higher Diptera is JHIII. A role for this 
compound during larval development is suggested by the discovery of a 
juvenile hormone binding protein isolated from the haemolymph of 
L. cuprina larvae, which is specific for JHIII over other analogues of 
juvenile hormone (Trowell et al., 1994). Significantly, this protein has 
very low affinity for JHB3 and the authors find no evidence for any other 
juvenile hormone binding protein in the haemolymph. They cite a 
similar result in D. melanogaster where again JHB3 does not compete 
with JHIII for the only juvenile hormone carrier identified in this 
species. Whether the L. cuprina JHIII binding protein has a role in 
larval development has yet to be determined. Such a role currently 
seems unlikely as JHIII is neither released by the CA (Chapter 3) nor 
found in the haemolymph (M. Lacey, personal communication) of 
L. cuprina larvae. 
Both JHB3 and JHIII affect development of adult structures in a 
series of bioassays involving topical application of the compounds to 
D. melanogaster white prepupae (Richard et al., 1989a). This suggests 
that both isoforms could have a juvenile hormone role. About 10 fold 
more JHB3 is necessary to achieve effects obtained with JHIII (Richard 
et al., 1989a). However, relative hormonal potency is a poor indicator of 
endogenous juvenile hormone identity since the endogenous isoform is 
more likely to be recognised and metabolised than other isoforms. 
A juvenile hormone role for both isoforms is supported by the 
binding affinity of an enzyme with juvenile hormone esterase activity 
isolated from D. melanogaster (Campbell et al., 1992). This protein is not 
expressed during the final instar, but is expressed at high levels during 
pupation, implicating it as a regulator of juvenile hormone haemolymph 
titre during development . Whilst this esterase is more specific for JHIII 
than for JHB3, the natural biological isomer of JHB3 (2E,6S, 7S, lOR-
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isomer; Herlt et al., 1994) is strongly preferred to other isomers (P.D. 
Campbell, personal communication). These results suggest that either, 
or both, isoforms could be the in vivo substrate. 
It is possible that both JHB3 and JHIII have roles in larval 
development. In L. cuprina larvae (Chapter 2 and 3) and adults (P .D. 
East, personal communication), Musca domestica and Sarcophaga 
bullata adults (Baker et al, 1990), and Calliphora vicina larvae and adults 
(Baker et al, 1990) JHIII is not found as a product of the CA. However, in 
other higher dipteran species studied, JHIII is released, although at 
very low levels in comparison to JHB3 (Duve et al., 1992b, Richard et al., 
1989ab; Zou et al., 1989). In D. melanogaster JHIII has a developmental 
profile of production similar to JHB3 (Richard et al., 1989b), suggesting 
that synthesis of JHIII may also be developmentally regulated. Perhaps 
when the in vivo titre of JHIII and JHB3 have been measured throughout 
development, the function of the different isoforms will become clearer. 
7.2.2 Role of JHBs in dipteran larval development 
Whilst the results of the current study shed no further light on the 
specific role of JHB3 in L. cuprina, the finding of a multi-tiered inhibitory 
regulation implicates a function during larval development and 
underlines the importance to the organism of an absence of the hormone 
prior to metamorphosis. Previously, two levels of neural inhibition of the 
pathway have been described in D. melanogaster (Richard et al., 1990), 
one acting before and the other after farnesoic acid in the biosynthetic 
pathway. Both of these are thought to act throughout all stages of the 
final instar. The first level is apparently similar to that found in 
L. cuprina, but the other differs significantly in several respects (see 
Chapter 3). As well as having different mechanisms regulating the 
juvenile hormone pathway, it is noteworthy that the timing of the 
inhibition of hormone synthesis differs quite dramatically between 
L. cuprina and D. melanogaster. In L. cuprina it occurs concurrently 
with the onset of pupariation (Chapter 3), whereas in D. melanogaster it 
occurs two hours into pupariation (Richard et al., 1989b). These 
differences may reflect a difference in function for JHB3 between the two 
species with an absence of the hormone being required during prepupal 
formation in L. cuprina. Alternatively, inhibition of synthesis may not be 
critical in higher Diptera because either haemolymph hormone titre is 
controlled by juvenile hormone metabolic enzymes or the absence of the 
hormone is not important until later in development. That inhibition of 
synt}:lesis is critical is supported by the multi-tiered regulation of the 
juvenile hormone pathway found in these species. 
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7.3 Juvenile hormone biosynthetic pathway in higher Diptera 
7.3.1 Resolution of the sequence of the termina1 enzymatic steps 
As described in earlier chapters, the terminal sequence of enzyme 
reactions in the juvenile hormone biosynthetic pathway in the higher 
Diptera has not been established conclusively. In this study the synthesis 
of JHIII by CA in the presence of farnesoic acid (Chapter 3) 
demonstrates that the enzymes responsible for methylation and 
epoxidation of farnesoic acid to JHIII (Fig. 7.1, El & E3) are functional in 
L. cuprina. Previously, the appearance of labelled JHB3 after incubating 
CA with labelled JHIII demonstrated the existence of an enzyme capable 
of the epoxidation of JHIII to produce JHB3 (Fig. 7.1, E5) in both 
L. cuprina (P.D. East, personal communication) and D. melanogaster 
CL.I. Gilbert, personal communication). 
It is not known if JHB3 is also produced by the successive 
epoxidation of methyl farnesoate and 6,7epoxy methyl farnesoate (Fig. 
7.1, E2 & E4), as suggested by Cusson et al., (1991). Theoretically, several 
simple experiments could determine if this alternative pathway sequence 
is possible. Enzymes capable of the 6, 7 epoxidation of methyl farnesoate 
(Fig. 7.1, E2) could be detected by 'trapping' labelled 6,7epoxy methyl 
farnesoate by incubating CA in the presence of excess unlabelled 
6, 7 epoxy methyl farnesoate. The existence of an epoxidase capable of 
converting 6,7epoxy methyl farnesoate to JHB3 (Fig. 7.1, E4) would be 
demonstrated by the appearance of labelled JHB3 from CA incubated 
with labelled 6,7epoxy methyl farnesoate. This experiment may have to 
be done in the presence of excess cold JHIII to prevent the reversion of 
labelled 6, 7 epoxy methyl farnesoate to methyl farnesoate and subsequent 
epoxidation via JHIII. Alternatively, the appearance of labelled JHB3 
synthesised by CA in the presence of excess unlabelled JHIII would 
show that the pathway sequence via 6,7epoxy methyl farnesoate (Fig. 7.1, 
E2 & E4) is possible. In this experiment the unlabelled JHIII would 
dilute radiolabelled products produced by epoxidation via the 
10,llepoxide. 
In practices, experiments of this type are more involved. During 
the course of this study some of these experiments were attempted. The 
radiochemical assay (Chapter 2) was performed on ring glands 
incubated with unlabelled JHIII and 6, 7 epoxy methyl farnesoate, to try to 
trap the labelled late pathway intermediates. However, after incubation 
and HPLC fractionation, radioactivity appeared in both the fast and slow 
eluting diastereomers of JHB3. This was possibly due to the presence of 
juvenile hormone esterases and other contaminating enzymes in the 
environment surrounding the CA acting on the precursors before they 
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6,7epoxy methyl 
farnesoate 
E4 epoxidase 
f arnesoic acid 
E 1 transferase 
methyl farnesoate 
1 O, 11 epoxy methyl 
farnesoate (JHIII) 
Figure 7.1. Possible sequences of the juvenile hormone biosynthetic 
pathway in higher Diptera (suggested by Cusson et al., 1990). Enzymes 
are numbered (El-E5) for reference in the text~ 
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are converted to JHB3 within the CA. Time limitations prevented further 
investigation into the problems with these trapping experiments. The 
detection of an epoxidase capable of the 10,11 epoxidation of 6, 7epoxy 
methyl farnesoate (Fig. 7.1, E4) requires a source of labelled 6,7epoxy 
methyl farnesoate which is not commercially available. 
7.3.2 Evolution of the sequence of the terminal enzymatic steps 
Whilst practical difficulties prevented the resolution of the 
terminal enzymatic sequence of the dipteran juvenile hormone pathway, 
a more theoretical comparison of the evolution of the pathway across 
different taxa supports a single pathway sequence via JHIII to produce 
JHB3. Although juvenile hormones are most studied in Insecta, 
isoforms have been found in other Arthropod classes. In view of the 
similarities in development within this Phylum, with pre-adults growing 
via a series of stages separated by moults, this is not surprising. What is 
particularly interesting is that these isoforms have been identified as 
methyl farnesoate and farnesoic acid, intermediates of the juvenile 
hormone pathway in insects (Laufer et al., 1987a,b; Borst et al., 1987; 
Tobe et al., 1989) suggesting that the Crustacea have not evolved the 
ability to epoxidize methyl farnesoate or farnesoic acid (Cusson et al., 
1991). 
Epoxidation of methyl farnesoate produces JHIII, the sole juvenile 
hormone isoform found throughout most of the class Insecta including 
the lower Diptera (Baker et al., 1983). This study demonstrated that this 
reaction does occur in the ring gland of L. cuprina. An additional 
epoxidation reaction generates JHB3, an isoform so far found only in the 
highly evolved cyclorrhaphous Diptera. Incubation of the larval ring 
gland with radiolabelled JHIII has demonstrated that this second 
reaction also occurs in the higher Diptera (P.D. East, personal 
communication, L.I. Gilbert, personal communication). 
As described earlier, there has been speculation about the 
terminal sequence of the pathway in higher Diptera (see Cusson et al., 
1991 for review). In both L. cuprina and D. melanogaster a sequential 
addition of reactions, as described above, is known to occur. The 
taxonomic distribution of the various juvenile hormone isoforms 
suggests this taxon has evolved an additional pathway step to the JHIII 
pathway sequence found in most insects, rather than an alternative 
pathway sequence, to generate JHB3. It is interesting that another group 
of higher insects, the Lepidoptera, have also evolved more complex 
juvenile hormone isoforms (e.g. JHO, JHI, JHII, 4-methyl-JHI) but this 
has required branching and modification of the synthetic pathway 
(Baker, 1990; Tobe and Stay, 1985). The existence of additional isoforms 
in only the flies and moths suggests these higher orders may have 
evolved diverse isoforms to accommodate more complex physiological 
functions. 
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7.4 Regulation of the juvenile hormone pathway 
7.4.1 Primary messengers 
Chapter three discusses evidence for three levels of inhibitory 
regulation found acting on the L. cuprina juvenile hormone pathway 
during the final larval instar. Currently this is the most detailed 
description of regulation of juvenile hormone synthesis during dipteran 
development and is significant because it suggests that regulation of the 
CA prior to metamorphosis may be more complex than anticipated. 
Inhibition prior to the emergence of the adult form is a common theme in 
pre-adult insects and reflects the similarity in development found in all 
insect species. In contrast, juvenile hormone synthesis patterns vary 
enormously both between adults of different species and between the two 
sexes within a single species, reflecting the diversity of roles these 
hormones have in adult insects (Gilbert et al., 1980; Richards, 1981; 
Khan, 1988; for reviews). 
A model for the various levels of regulation of the L. cuprina 
juvenile hormone pathway is outlined in figure 7.2. Two types of 
neuronally derived reversible inhibition were found (Fig. 7.2, 1 & 2). The 
first occurs at all stages of the final instar and acts before mevalonate in 
the pathway; the second occurs immediately prior to pupariation and 
most probably acts on the a-methyl transferase enzyme. When axonal 
connections to the brain are severed, inhibition is relieved in a time span 
too rapid to be detected by the radiochemical assay, which is capable of 
detecting changes after an hour. However, extrapolation of the time 
course of juvenile hormone synthesis back to the time of neural 
severance, suggests that inhibition is relieved in less than ten minutes 
(Chapters 2 & 3). The third type of inhibition, a developmental, 
irreversible inhibition acting prior to mevalonate in the pathway (Fig. 
7 .2, 3), also appears to have a relatively rapid effect, occurring at the time 
the larvae become committed to prepupal development. During 
experimental work it was noticed that a critical 'commitment' point 
occurs around the time larvae stop motile activity, immediately prior to 
the formation of white prepupae. When disturbed before this point, 
larvae regain activity and flee for cover, after this point they no longer 
regain motile activity and appear committed to pupariation. JHBs 
synthesis by the committed larvae is low whereas it is high in mobile 
larvae (Fig. 7.3). The period in which larvae have stopped motile activity 
before becoming prepupae is estimated to be less than 15 minutes. The 
importance of this relatively rapid action or removal of action is not 
known, but it may allow the larvae to respond quickly to favourable 
environmental conditions; for example, conditions in which to 
pupariate. 
- 118 -
? 
• 
Jl 
NCA 
Brain 
Acetate or Glucose 
• 1 
CA cell 
ML 
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Figure 7 .2. Model for the multi-tiered inhibitory regulation acting on 
cells of the CA (Chapter 3). The terminal enzymatic pathway sequence is 
as suggested by Cusson et al., 1991. Abbreviations: ML, mevalonate; FA, 
farnesoic acid; MF, methyl farnesoate; JHIII, juvenile hormone III; 
JHBa, juvenile hormone bisepoxide. 
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1.Qr------------------------------
Late wandering 
larvae 
Condensed larvae 
(able to regain 
mobility when 
disturbed) 
Condensed larvae White Prepupae 
( unable to regain 
mobility when 
disturbed) 
Figure 7 .3. JHB3 synthesis by isolated ring glands from larvae 
immediately prior to pupariation. Values are the mean + SEM of the 
number of determinations indicated by the values in parenthesis. 
- 120 -
Two of the levels of regulation of CA activity described in figure 7 .2 
are mediated by the axonal connections from the brain to the ring gland 
(Fig. 7 .2, 1 & 2). This study isolated a 3600Da neural peptide from third 
instar larval brains with similar characteristics to the non-
developmental neural regulation (Fig. 7.2, 1). The other type of neural 
inhibition (Fig. 7 .2, 2) may also involve an allatostatic peptide. There is 
evidence for multiple secretory vesicle types in the nerve fibres 
innervating the CA of adult L. cuprina, suggesting that more than one 
neural regulatory compound is delivered to the CA. Two types of vesicles 
are readily detected in tissue stained with uranyl acetate and lead citrate. 
These are small (50nm diameter) electron dense vesicles and large (200-
300nm diameter) dense vesicles (P.D. East, personal communication). 
The large vesicles can be further broken into two classes, one of which is 
immunoreactive with RFamide antiserum. These numerous vesicle 
types suggest multiple neurosecretory compounds regulating the activity 
of the CA. This is consistent with the finding that the 3600Da allatostatic 
peptide is not recognised by anti RFamide antisera, thus is not the 
peptide reacting with the antisera in the nerve terminals of the CA 
(Chapter 5). Previously, the presence of various neurosecretory 
materials has been demonstrated in several other insect species. In the 
cockroach D. punctata, some nerve terminals within the CA are 
immunoreactive to antisera against the allatostatic peptides isolated 
_ from this species whereas others are not (Stay et al., 1992). 
The CA of Leucophaea maderae, which is regulated by peptidergic 
neurons entering via the corpora cardiaca, is recognised by antisera 
against Substance P, ~-endorphin and luteinizing-hormone releasing 
factor (Hansen et al., 1982). The array of neuropeptide antisera 
recognising the CA of several species (Table 7 .1) suggests that insects 
may use a variety of peptides to regulate juvenile hormone synthesis. A 
comparison of the sequence of the neuropeptides used to generate these 
antisera reveals no simple common epitope. In addition, the 
immunocytochemical reactions are not consistent between species. For 
example, antisera against insulin recognise the CA of M. sexta (El-Salhy 
et al., 1983) but not the CA of P. americana, L. migratoria or C. morosus 
(Raabe, 1986); antisera against adipokinetic hormone recognise the CA 
of P. americana but not that of L. migratoria or C. morosus (Raabe, 1986), 
and, antisera against glucagon recognise the CA of L. migratoria 
(Raabe, 1986) but not that of M. sexta (El-Salhy et al., 1983), P. americana 
or C. morosus (Raabe, 1986). In view of the differences in the sequence of 
the allatostatin isolated from M. sexta and the allatostatins isolated from 
the cockroach D. punctata (see Chapter 6) these differences in 
immunological reactions are not surprising and are consistent with the 
evolution of various neuropeptides to regulate the activity of the CA. 
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Table 7.1. Antisera raised against known peptides yielding reaction 
products in the CA of various insect species. 
Type of peptide Species Reference 
FMRFamide Lucilia cuprina This study Rodnius prolixus (Tsang and Orchard, 
1991) 
Manduca sexta (Carrol et al., 1986) 
Met-enkephalin- Calliphora vomitoria Duve et al., 1990 
RGL 
Allatostatin 1 Diploptera punctata Stay et al., 1992 
Enkephalin Manduca sexta El-Salhy et al., 1983 
Insulin Manduca sexta El-Salhy et al., 1983 
Adipokinetic Periplaneta americana Raabe, 1986 
hormone 
Glucagon Locusta migratoria Raabe, 1986 
Stomatostatin Manduca sexta El-Salhy et al., 1983 
Vasoactive Manduca sexta El-Salhy et al., 1983 intestinal 
polypeptide 
Substance P Manduca sexta El-Salhy et al., 1983 
Leucophaea maderae Hansen et al., 1982 
~-endorphin Leucophaea maderae Hansen et al., 1982 
Luteinizing- Leucophaea maderae Hansen et al., 1982 hormone 
releasing factor 
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A degree of diversity of CA regulatory peptides may occur also in 
relatively closely related species. For example, antisera against Met-
enkephalin-RGL recognise the nerve terminals in the CA of the blowfly 
C. vomitoria (Duve et al., 1990) but not the CA of L. cuprina (T.D. 
Sutherland and P.D. East, unpublished observation). On the other hand, 
the peptides isolated from the two cockroach species D. punctata and 
P. americana are structurally similar (see Chapter 6) and the 
allatotropin from the moth Helicoverpa armigera (I.J. Rourke, personal 
communication) is identical to the one isolated from M. sexta (Kataoka et 
al., 1989) suggesting that the CA regulatory peptides have been conserved 
at least between species within an order. Once the sequence of the 
epitopes recognised by the various antisera are known, the degree of 
complexity of CA regulation both within an insect and between different 
insect species will become clearer. 
7 .4.2 Second messengers 
Literature on the second messengers conveying allatostatic signals 
is disjointed, with numerous compounds being implicated in CA 
regulation but little discussion on how these fit together in the regulation 
of juvenile hormone synthesis. Chapter four (Fig. 4. 7) proposes a model 
where synthesis is dependent on calcium, and where cAMP indirectly 
inhibits the pathway by regulating calcium flux across the plasma 
membrane. This model is consistent with the majority of the data 
describing the effects of second messenger compounds on CA activity and 
has parallels in vertebrate systems (Chapter 4). The availability of this 
model may provide a framework for further work in this area. 
Given the complexity of primary messengers it is possible that 
there will be a similarly complex array of second messengers regulating 
juvenile hormone synthesis. This certainly appears to be the case, with 
cAMP (Chapter 4; Meller et al ., 1985), cGMP (Tobe, 1990), calcium 
(Chapter 4; Aucoin et al., 1987; Kikukawa et al., 1987; Allen et al., 1992), 
protein kinase C (Feyereisen and Farnsworth, 1987; McQuinston and 
Tobe, 1991) and inositol trisphosphate (Reagan et al., 1992) all being 
implicated in regulating pathway activity. 
Results obtained with primary messengers in D. punctata are 
consistent with the idea of multiple second messenger pathways. The 
allatostatic peptides isolated from this species inhibit juvenile hormone 
synthesis without affecting levels of the cyclic nucleotides cAMP or 
cGMP (Cusson et al., 1992). The biogenic amine octopamine, which is 
found in high levels in the CA of cockroaches, causes a bimodal 
inhib-ition of juvenile hormone synthesis with one peak of inhibitory 
activity at lO-lOM and another at 10-4M (Thompson et al., 1990). Only the 
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higher concentration is associated with an elevation in cAMP 
concentration, suggesting that another second messenger pathway is 
likely to be involved in the inhibition of hormone synthesis at the lower 
concentrations. 
This study found that compounds which cause or mimic an 
increase in cAMP, resulted in rapid, reversible inhibition acting before 
farnesoic acid on the juvenile hormone pathway in isolated ring glands. 
The site of action, reversibility and speed of effect are all characteristics 
of the non-developmental inhibition identified in chapter three (Fig. 7.2, 
1) which is thought to be mediated by the allatostatic neuropeptide 
identified in chapter six. This could be confirmed by measuring the 
effect of the purified peptide on intracellular cAMP levels. However, 
experiments of this kind were beyond the scope of this study because of 
the difficulties associated with the size of the gland and its intimate 
association with the prothoracic gland. 
Regulation of intracellular calcium levels was also found to be 
important for juvenile hormone synthesis (Chapter 4). The preliminary 
results of this study suggest that cAMP may act to reduce calcium levels 
in the cells of the CA and so inhibit juvenile hormone synthesis. 
Measuring the effect of compounds which cause or mimic an increase in 
intracellular cAMP on intracellular calcium levels would determine if 
this idea is correct. However, for the reasons stated previously, this was 
beyond the scope of this study. Whether other second messengers also 
are capable of reducing juvenile hormone synthesis, possibly by 
regulating calcium levels, is yet to be determined. 
The developmental levels of juvenile hormone pathway regulation 
(Fig. 7 .2, 2 & 3) are presumably mediated by entirely separate second 
messenger systems to the one described in the model above (Fig. 4. 7). 
Increasing intracellular levels of calcium did not overcome the neural 
inhibition after farnesoic acid (Fig. 7.2, 2) so is not implicated as a 
messenger for this level of inhibition. Cyclic AMP is not implicated 
because these levels of regulation (Fig. 7.2, 2 & 3) have different 
characteristics to the inhibition by cAMP, since one acts after farnesoic 
acid and the other is apparently irreversible. 
7.5 Juvenile hormone synthesis as a target for insect control 
The results of this study support the proposal that juvenile 
hormone synthesis would be an attractive target for insect control. 
Regulation of hormone haemolymph titre is essential for normal 
dipteran development (Postlethwait, 197 4; Richards et al., 1989b; 
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Riddiford and Ashburner, 1991). The sum of the three levels of 
regulation identified in L. cuprina serve to shut down JHB3 synthesis to a 
level indistinguishable from background, supporting the idea that 
regulation of hormone synthesis has a significant role in the regulation 
of hormone haemolymph titre prior to metamorphosis (Goodman, 1990). 
Regulation of juvenile hormone titre can occur at many levels 
(deKort and Granger, 1981; Roe and Venkatesh, 1990; for reviews), 
including regulation of synthesis, degradation and levels of binding 
proteins/carrier molecules. Although JHIII binding proteins have been 
described in the higher Diptera (Trowell et al., 1994; Shemshedini and 
Wilson, 1988; Van Mellaert et al., 1985), at present no JHB3 binding 
protein has been found (see Section 7.1), so it is difficult to estimate to 
what degree, if any, this class of compound contributes to titre 
regulation. The activity of juvenile hormone degradative enzymes in 
higher Diptera have been described in D. melanogaster (Campbell et al., 
1992) where their activity is inversely proportional to juvenile hormone 
levels in the haemolymph (Bownes and Rembold, 1987; Sliter et al., 1987) 
suggesting that the degradative enzymes may also have an important 
role in the regulation of hormone titre. However, whilst the hydrolytic 
ability of these enzymes in D. melanogaster (Campbell et al., 1992) far 
exceeds levels of juvenile hormone synthesis (Richards et al, 1989), they 
are unable to ·prevent abnormal development provoked by the 
implantation of synthetically active ring glands (Vogt, 1943, 1946). These 
considerations, coupled with the complex and complete inhibition of 
juvenile hormone synthesis found for L. cuprina in this study and in 
D. melanogaster (Richard et al., 1990), suggest that regulation of juvenile 
hormone synthesis may be a dominant determinant in titre regulation. 
This function makes the synthetic pathway an ideal target for insect 
control. 
In L. cuprina, the pathway is inhibited by a 3600Da neuropeptide 
which is significantly different in size to other isolated allatostatins 
(Woodhead et al., 1989; Pratt et al., 1989, 1991; Stay et al., 1993; Weaver 
and Freeman, 1993; Duve et al., 1993; Kramer et al., 1991). The species 
specific nature of the allatostatin is an important feature as it permits 
the direct targeting of L. cuprina. As described in the introduction, one 
of the major problems of more traditional pesticides is the detrimental 
effect on non-target organisms. 
For targeting the juvenile hormone system, the allatostatic nature 
of the peptide is an additional advantage. Most compounds reported to 
affect this system in Diptera are juvenile hormone analogues which act 
during the last larval instar to prevent normal adult development (Jakob, 
1973; Wright, 1970, 1972; Staal, 1975). Whilst these may be useful in 
certain circumstances, for example in the control of mosquitoes where 
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adults are the only harmful stage (Staal, 1975), they are not appropriate 
for control of L. cuprina where most of the damage is caused by the larval 
stages. 
The sequence of the allatostatic peptide will allow the design of 
vector systems and/or chemical analogues which will cause or mimic 
over-expression of the L. cuprina allatostatic peptide. The predicted 
result of this is the prevention of normal larval moulting, and therefore 
disruption of development early in the life-cycle, before excessive damage 
has occurred. 
- 126 -
References 
Alberts B., Bray D., Lewis J., Raff M., Roberts K. and Watson J.D., 1989. In: 
Molecular Biology of the Cell (Second edition). Garland Publishing, New York 
Allen C.U., Herman B. and Granger N.A., 1992. Fura-2 measurements of 
cytosolic free Ca2+ concentration in corpus allatum cells of larval Manduca 
sexta. J. exp. Biol. 166:253-266 
Allen C.U., Janzen W.P. and Granger N.A., 1992. Manipulation of 
intracellular calcium affects in vitro juvenile hormone synthesis by larval 
corpora allata of Manduca sexta. Mol. Cell. Endocrinol. 84:227-241 
Altaratz M., Applebaum S.W., Richard D.S., Gilbert L.I. and Segal D., 1991. 
Regulation of juvenile hormone synthesis in wild-type and apterous mutant 
Drosophila. Mol. Cell. Endocrinol. 81:205-216 
Altin J.G. and Bygrave F.L., 1987. The influx of Ca2+ induced by the 
administration of glucagon and Ca 2+-mobilizing agents to the perfused rat liver 
could involve at least two separate pathways. Biochem. J. 242:43-50 
Aucoin R.R., Rankin S.M., Stay B. and Tobe S.S., 1987. Calcium and cyclic 
AMP involvement in the regulation of juvenile hormone biosynthesis in 
Diploptera punctata. Insect Biochem. 17:965-969 
Baker F.C., Hagedorn H.B., Schooley D.A. and Wheelock G., 1983. Mosquito 
juvenile hormone identification and bioassay activity. J. Insect Physiol. 29:465-
470 
Baker F.C., Tsai L.W., Reuter C.C. and Schooley D.A., 1987. In vivo fluctuation 
of JH, JH acid and ecdysteroid titer and JH esterase activity during 
development of fifth stadium Manduca sexta. Insect Biochem. 17:989-996 
Baker F.C., 1990. Techniques for identification and quantification of juvenile 
hormones and related compounds in arthropods. In: Morphogenetic Hormones 
of Arthropods. A.P. Gupta (ed), Vol 1, pp 389-453, Rutgers University Press, 
New Brunswick 
Baker F.C., Reuter C.C., Tsai L.W., Brindle P.A., Richard D.S., Tobe S.S. and 
Schooley D.A., 1990. Use of microderivatization techniques in combination with 
thin-layer chromatography, liquid chromatography and gas chromatography-
mass spectrophotometry for investigation of juvenile hormones and related 
compounds. In. Chromatography and Isolation of Insect Hormones and 
Pheromones. A.R. McCaffery and I.D. Wilson (eds), pp 19-31, Plenum Press, 
New York 
Bell W.J., 1969. Dual role of juvenile hormone in the control of yolk formation in 
Periplaneta americana. J. Insect Physiol. 15:1279-1290 
Benton W.D. and Davis R.W., 1977. Screening A.gt recombinant clones by 
hybridization to single plaques in situ. Science 196:180-182 
-127 -
Bhaskaran G. and Jones G., 1980. N euroendocrine regulation of corpus 
allatum activity in Manduca sexta, the endocrine basis for starvation-induced 
supernumerary larval moult. J. Insect Physiol . 26:431-440 
Bhaskaran G., Sparagana S.P., Barrera P. and Dahm K.H., 1986. Change in 
corpus allatum function during metamorphosis of the tobacco hornworm, 
Manduca sexta, regulation at the terminal step in juvenile hormone 
biosynthesis. Arch. Insect Biochem. Physiol. 3:321-338 
Bhaskaran G., Dahm K.H., Barrera P., Pacheco J.L., Peck K.E. and 
Muszynska-Pytel M., 1990. Allatinhibin, a neurohormonal inhibitor of juvenile 
hormone biosynthesis in Manduca sexta. Gen. Comp. Endocrinol. 78:123-136 
Boer H.B., Schot L.P.C., Veenstra J.A. and Reichelt D., 1980. 
Immunocytochemical identification of neural elements in the central nervous 
systems of a snail, some insects, a fish, and a mammal with antiserum to the 
molluscan cardio-excitatory tetrapeptide FMRFamide. Cell Tissue Res. 213:21-
'Zl 
Borst D.W., Laufer H., Landau M., Chang E.S., Hertz W.A., Baker F.C. and 
Schooley D.A., 1987. Methyl farnesoate and its role in crustacean reproduction 
and development. Insect Biochem. 17:1123-1127 
Bownes M. and Rembold H., 1987. The titre of juvenile hormone during the 
pupal and adult stages of the life cycle of Drosophila melanogaster. Eur. J. 
Biochem. 164:709-712 
Boyd P.J. and Walker R.J., 1985. Actions of the molluscan neuropeptide 
FMRFamide on neurons in the subesophageal ganglia of the snail Helix 
aspersa. Comp. Biochem. Physiol. 81C:379-386 
Bygrave F .L and Benedetti A., 1993. Calcium: its modulation in liver by cross-
talk between the actions of glucagon and calcium-mobilizing agonists. 
Biochem. J. 296:1-14 
Caldwell R.L. and Rankin M.A., 1972. Effects of a juvenile hormone mimic on 
flight in the milkweed bug, Oncopeltus fasciatus. Gen. Comp. Endocrinol. 
19:601-605 
Campbell P.M., Healy M.J. and Oakeshott J.G., 1992. Characterisation of 
juvenile hormone esterase in Drosophila melanogaster. Insect Biochem. Molec. 
Biol. 22:665-677 
Carroll L.S., Carrow G.M. and Calabrese D., 1986. Localization and release of 
FMRFamide-like immunoreactivity in the cerebral neuroendocrine system of 
Manduca sexta. J. Exp. Biol. 126:1-14 
Chance B., 1965. The energy-linked reaction of calcium with mitochondria 
J. Biol. Chem. 240:2729-27 48 
Chippendale G.M., 1977. Hormonal regulation of larval diapause. Ann. Rev. 
Entomol. 22:121-138 
Chin A.C., Reynolds E.R. and Scheller R.H., 1990. Organisation and expression 
of the Drosophila FMRFamide-related prohormone gene. DNA Cell Biol. 9:263-
'Zll 
-128-
Copenhaver P.F. and Taghert P.H., 1989. Development of the enteric nervous 
system of the moth. 1. Diversity of cell types and the embryonic expression of 
FMRFamide-related neuropeptides. Dev. Biol. 131:70-84 
Couillaud F., Girardie J., Tobe S.S. and Girardie A., 1984. Activity of 
disconnected corpora allata in Locusta migratoria: juvenile hormone 
biosynthesis in vitro and physiological effects in vivo. J. Insect Physiol. 30:551-
556 
Couillaud F., 1991. Evidence for regulation of juvenile hormone biosynthesis 
operating before mevalonate in locust corpora allata. Mol. Cell. Endocrinol. 
77:159-166 
Couillaud F. and Feyereisen R., 1991. Assay of HMG-CoA synthase 1n 
Diploptera punctata corpora allata. Insect Biochem. 21:131-135 
Conillaud F. and Rossignol F., 1991. Characterisation and regulation of HMG-
CoA synthase in Locusta migratoria. Arch. Insect Biochem. Physiol. 18:273-283 
Cusson M., McNeil J.N. and Tobe S.S., 1990. In vitro biosynthesis of juvenile 
hormone by corpora allata of Pseudaletia unipuncta virgin females as a 
function of age, environmental conditions, calling behaviour and ovarian 
development. J. Insect Physiol. 36:139-146 
Cusson M., Yagi K.J., Ding Q., Duve H., Thorpe A., McNeil J.N. and Tobe S.S., 
1991. Biosynthesis and release of juvenile hormone and its precursors in insects 
and crustaceans: the search for a unifying arthropod endocrinology. Insect 
Biochem. 21:1-6 
Cusson M., Yagi K.J., Xeu-Chen G. and Tobe S.S., 1992. Assessment of the role 
of cyclic nucleotides in allatostatin-induced inhibition· of juvenile hormone 
biosynthesis in Diploptera punctata. Mal. Cell. Endocrinol. 89:121-125 
Dai J.D. and Gilbert L.I., 1991. Metamorphosis of the corpus allatum and 
degeneration of the prothoracic glands during the larval-pupal-adult 
transformation of Drosphila melanogaster: a cytophysiological analysis of the 
ring gland. Dev. Biol. 144:309-326 
Dale J.F. and Tobe S.S., 1988. The effect of a calcium ionophore, a calcium 
channel blocker and calcium-free medium on juvenile hormone release in vitro 
from corpora allata. J. Insect Physiol. 34:451-456 
Darmer D., Schmutzler C., Diekhoff D. and Grimmelikhuijzen C.J.P., 1991. 
Primary structure of the precursor for the sea anemone neuropeptide Antho-
RFamide ( <Glu-Gly-Arg-Phe-NH2). Proc. Natl. Acad. Sci. USA 88:2555-2559 
Day M.F., 1943. The homologies of the ring gland of Diptera Brachycera. Ann. 
Ento. Soc. America 19:1-10 
Devereux J., Haeberli P. and Smithies 0., 1984. A comprehensive set of 
sequence analysis programs for the VAX.. Nucl. Acids Res. 12:387-395 
Docherty K. and Steiner D.F., 1982. Post-translational proteolysis in polypeptide 
hormone biosynthesis. Ann. Rev. Physiol. 44:6~38 
-129-
Dockray G.J., Reeve J.R., Shivly J., Gayton R.J. and Barnard C.S., 1983. A 
novel active pentapeptide from chicken brain identified by antibodies to 
FMRFamide. Nature 305:328-330 
Donly B.C., Ding Q., Tobe S.S. and Bendena W.G., 1993. Molecular cloning of 
the gene for the allatostatin family of neuropeptides from the cockroach 
Diploptera punctata. Proc. Natl. Acad. Sci. USA. 90:8807-8811 
DeKort C.A.D. and Granger N.A., 1981. Regulation of the juvenile hormone 
titre. Ann. Rev. Ent. 26:1-28 
Duve H. and Thorpe A., 1990. Distribution and functional significance of Met-
enkephalin-Arg6-Phe7 and Met-enkephalin-Arg6-Gly7-Leu8-like peptides in the 
blowfly Calliphora vomitoria. II. Immunocytochemical mapping of neuronal 
pathways in the retrocerebral complexes and thoracic ganglion. Cell Tissue 
Res. 259:147-157 
Duve H., Johnsen A.H., Sewell J.C., Scott A.G., Orchard I., Rehfeld J.K. and 
Thorpe A., 1992a. Isolation, structure and activity of -Phe-Met-Arg-Phe-NH2 (-
FMRFamide) neuropeptides from the blowfly Calliphora vomitoria. Proc. Natl. 
Acad. Sci. USA 89:2326-2330 
Duve H., Thorpe A., Yagi K.J., Yu C.G. and Tobe S.S., 1992b. Factors affecting 
the biosynthesis and release of juvenile hormone bisepoxide in the adult blowfly 
Calliphora vomitoria. J. Insect Physiol. 38:575-585 
Duve H., Elia A.J., Orchard I., Johnsen A.H. and Thorpe A., 1993. The effects 
of CalliFMRFamides and other FMRFamide-related neuropeptides on the 
activity of the heart of the blowfly, Calliphora vomitoria. J. Insect Physiol. 39:31-
40 
Duve H. and Thorpe A., 1994. Distribution and functional significance of Leu-
callatostatins in the blowfly Calliphora vomitoria. Cell Tissue Res. 276:367-379 
East P.D., Sutherland T.D., Trowell S.C., Herlt A. and Rickards R.W., 1994. 
Juvenile hormone synthesis in the larval ring gland of the blowfly, Lucilia 
cuprina. Arch. Insect Biochem. Physiol. submitted 
El-Salhy M., Falkmer S., Kramer K.J. and Spiers R.D., 1983. 
Immunohistochemical investigations of neuropeptides in the brain, corpora 
cardiaca and corpora allata of an adult lepidopteran insect, Manduca sexta (L). 
Cell Tissue Res. 232:295-317 
Eipper B.A. and Mains R.E., 1988. Peptide a-amidation. Ann. Rev. Physiol. 
50:333-344 
Engvall E. and Perlmann P., 1971. Enzyme-linked immunosorbent assay 
(ELISA). Quantitative assay of immunogloblulin G. Immunochemistry 8:871-
879 
Evans P .D. and Myers C.M., 1986. The modulatory actions of FMRFamide and 
related peptides on locust skeletal muscle. J. Exp. Biol. 126:403-422 
Evans P.D., Robb S. and Cuthbert B.A., 1989. Insect neuropeptides -
identification, establishment of functional roles and novel target sites for 
pesticides. Pestic. Sci. 25:71-83 
-130-
Feinberg AP. and Vogelstein B., 1983. A technique for radiolabelling DNA 
restriction endonuclease fragments to high specific activity. Analytical 
Biochem. 132:6-13 
Feinberg A.P. and Vogelstein B., 1984. Addendum: a technique for 
radiolabelling DNA restriction endonuclease fragments to high specific activity. 
Analytical Biochem. 137:266-267 
Feyereisen R., Koener L. and Tobe S.S., 1981. In vitro studies with C2, C6 and 
C15 precursors of C16 JH biosynthesis in the corpora allata of adult female 
Diploptera punctata. In: Juvenile Hormone Biochemistry: Action, Agonism 
and Antagonism. G.E. Pratt and G.T. Brooks (eds) pp 81-92, Elsevier, 
Amsterdam 
Feyereisen R., Friedel T. and Tobe S.S., 1981. Farnesoic acid stimulation of C16 
juvenile hormone biosynthesis by corpora allata of adult female Diploptera 
punctata. Insect Biochem. 11:401-409 
Feyereisen R., 1985a. Biochemical assay for juvenile hormone III biosynthesis 
in vitro. Methods in Enzymol. lllB:531-539 
Feyereisen R., 1985b. Regulation of juvenile hormone titre: synthesis. In: 
Comprehensive Insect Physiology Biochemistry and Pharmacology. G.A. 
Kerkut and L.I. Gilbert (eds), Vol. 7, pp391-429, Pergamon Press, Great Britain 
Feyereisen R. and Farnsworth D.E., 1987. Inhibition of insect juvenile hormone 
synthesis by phorbol 12-myristate 13-acetate. FEES Letts. 222:345-348 
Foster R., Lobo M.V., Rasmussen H. and Marusic E.T., 1981. Calcium: its role 
in the mechanism of action of angiotensin II and potassium in aldosterone 
production. Endocrinol. 109:2196-2201 
Freidman N. and Rasmussen H. 1970. Calcium, manganese and hepatic 
gluconeogenesis. Biochim. Biophys. Acta 222:41-52 
Fukaya M. and Mitsuhashi J., 1961. Larval diapause in the rice stem borer with 
special reference to its hormonal mechanism. Bull. Natl. Inst. Agric. Res. Jpn. 
13:1-30 
Gayton R.J., 1982. Mammalian neuronal actions of FMRFamide and the 
structurally related opioid Met-enkephalin-Arg-Phe. Nature 298:275-276 
Gibson D.M. and Parker R.A., 1987. Hydroxymethylglutaryl-coenzyme A 
reductase. In: The Enzymes Vol. 8, ppl 79-215, Acedemic Press Inc., New York 
Giebultowicz J.M. and Denlinger D.L., 1985. Identification of neurons 
innervating the ring gland of the flesh fly larva Sarcophagaa crassipalpis 
macquart (Diptera: Sarcophagidae). Int. J. Insect Morph. Embryol. 14:155-161 
Gilbert L.I., Bollenbacher W.E. and Granger N.A, 1980. Insect endocrinology: 
regulation of endocrine glands, hormone titer, and hormone metabolism. Ann. 
Rev. Physiol. 42:493-510 
Girardie A., 1967. Controle neuro-hormonal de la metamorphose et de la 
pigmentation chez Locusta migratoria (Orthoptere). Bull. Biol. Fr. Belg. 101:79-
114 
-131-
I 
I_ 
Girardie A., Mouline M. and Girardie J., 1974. Rupture de la diapause 
ovarienne d 'Anacridium aegyptium par stimulation electrique des cellules 
neurosecretrices medianes de la pars intercerebralis. J. Insect Physiol. 24:797-
~ 
Girardie A., 1975. Le polymorphisme phasaire des acridiens et son controle 
endocrine. J. Endocrinol. Toulouse, 13-17. 
Goodman W.G., 1990. Biosynthesis, titre regulation and transport of juvenile 
hormones. In: Morphogenic Hormones of Arthropods. A.P. Gupta (ed) Vol. 1, 
pp83-124, Rutgers University Press, New Brunswick 
Granger N.A. and Janzen W.P., 1987. Inhibition of Manduca sexta corpora 
allata in vitro by a cerebral allatostatic neuropeptide. Mol. Cell. Endocrinol. 
49:237-248 
Granger N.A., Bollenbacher W.E., Vince R., Gilbert L.I., Baehr J.C and Dray 
F., 1979. In vitro biosynthesis of juvenile hormone by the larval corpora allata of 
Manduca sexta: quantification by radioimmunoassay. Mal. Cell. Endocrinol. 
16:1-17 
Greenburg M.J. and Price D.A., 1979. FMRFamide, a cardioexcitatory 
neuropeptide of molluscs: an agent in search of a mission. Am. Zool. 19:163-174 
Grimmelikuijzen C.J.P. and GraffD., 1986. Isolation of <Glu-Gly-Arg-Phe-NH2 
(Antho-RFamide), a neuropeptide from sea anemones. Proc. Natl. Acad. Sci. 
USA 83:9817-9821 
Hammock B.D., 1985. Regulation of juvenile hormone titre: degradation. In: 
Comprehensive Insect Physiology, Biochemistry and Pharmacology. G.A. 
Kerkut and L.I. Gilbert (eds) Vol. 7, pp 431-472, Pergamon Press, Oxford 
Hansen B.L., Hansen G.N. and Scharrer B., 1982. Immunoreactive material 
resembling vertebrate neuropeptides in the corpus cardiacum and corpus 
allatum of the insect Leucophaea maderae. Cell Tissue Res. 225:319-329 
Henikoff S., 1984. Unidirectional digestion with exonuclease III creates 
targeted breakpoints for DNA sequencing. Gene 28:351-359 
Herlt A.J., Rickards R.W., Thomas R.D. and East P.O., 1993. The absolute 
configuration of juvenile hormone III bisepoxide. J. Chem. Soc. Chem. 
Commun. 19:1497-1498 
Jakob W., 1973. Insect development inhibitors: Tests with house fly larvae. J. 
Econ. Entomol. 66:819-820 
Judy K.J., Schooley D.A., Dunham L.L., Hall M.S., Bergot B.J. and Siddall 
J.B., 1973. Isolation, structure and absolute configuration of a new insect 
juvenile hormone from Manduca sexta. Proc. Natl. Acad. Sci. USA 70:1509-1513 
Kataoka IL, Toschi A., Li JP., Carney R.L., Schooley D.A. and Kramer S.J., 
1989. Identification of an allatotropin from adult Manduca sexta. Science 
243:1481-1485 
-132 -
Kelly T.J., Masler E.P. and Menn J.J., 1990. Insect neuropept ides: new 
strategies for insect control. In: Pesticides and Alternatives . J .E . Casida (ed), 
pp283-297, Elsevier Science Publishers, New York 
Khan M.A, Koopmanschap AB. and DeKort C.AD., 1982a. The effects of 
juvenile hormone, 20-hydroxyecdysone and precocene II on activity of corpora 
allata and the mode of negative-feedback regulation of these glands in the adult 
Colorado potato beetle. J. Insect Physiol. 28:995-1001 
Khan M.A, Koopmanschap AB., Privee H. and DeKort C.AD., 1982b. The 
mode of regulation of the corpus allatum activity during starvation in adult 
females of the Colorado potato beetle, Leptinotarsa decemlineata (say). J. Insect 
Physiol. 28:791-796 
Khan M.A., 1988. Brain-controlled synthesis of juvenile hormone 1n adult 
insects. Entomol. Exp. Appl. 46:3-17 
Kikakawa S. and Tobe S.S., 1986. Juvenile hormone biosynthesis in female 
larvae in Diploptera punctata and the effect of allatectomy on ecdysteroid titre. 
J. Insect Physiol. 32:981-986 
Kikakawa S., Tobe S.S., Solowiej S., Rankin S.M.. and Stay B., 1987. Calcium as 
a regulator of juvenile hormone biosynthesis and release in the cockroach 
Diploptera punctata. Insect Biochem. 17:179-187 
King R.C., Aggarwal S.K., and Bodenstein D., 1966. The comparative 
submicroscopic morphology of the ring gland of Drosophila melanogaster 
during the second and third larval instars. Zeitsch. Zelforsch. 73:272-285 
Kobayashi M. and Muneoka Y., 1990. Structure and action of molluscan 
neuropeptides. Zool. Sci. 7:801-814 
Koeppe J.K., Fuchs M., Chen T.T., Hunt L.-M., Kovalick G.E. and Briers T., 
1985. The role of juvenile hormone in reproduction. In: Comprehensive Insect 
Physiology, Biochemistry and Pharmacology. G.A. Kerkut and L.I. Gilbert 
(eds), Vol. 8, pp 165-203, Pergamon Press, New York 
Kramer S.J. and Law J.H., 1980. Control of juvenile hormone production: the 
relationship between precursor supply and hormone synthesis in the tobacco 
hornworm, Manduca sexta. Insect Biochem. 10:569-575 
Kramer S.J., Toschi A, Miller C.A, Kataoka H., Quistab G.B., Li J.P., Carney 
R.L. and Schooley D.A, 1991. Identification of an allatostatin from tobacco 
hornworm, Manduca sexta. Proc. Natl. Acad. Sci. USA 88:9458-9462 
Kyte J. and Doolittle R.F., 1982. A simple method for displaying the hydropathic 
character of a protein. J. Mol. Biol. 157:105-132 
Laufer H., Borst D.W., Baker F.C., Carrasco C., Sinkus M., Reuter C.C., Tsai 
L.W. and Schooley D.A, 1987 a. Identification of a juvenile hormone-like 
compound in a crustacean. Science 235:202-205 
Laufer H., Landau M., Homola E. and Borst D.W., 1987b. Methyl farnesoate: its 
site of synthesis and regulation of secretion in a juvenile crustacean. Insect 
Biochem. 17:1129-1131 
-133 -
Lefevere K.S., Lacey M.J., Smith P.H. and Roberts B., 1993. Identification and 
quantification of juvenile hormone biosynthesis by larval and adult Australian 
sheep blowfly Lucilia cuprina (Diptera: Calliphoridae). Insect Biochem. Malec. 
Bwl. 23:713-720 
Linacre A, Kellet E., Saunders S., Bright K., Benjamin P.R. and Burke J.F., 
1990. Cardioactive neuropeptide Phe-Met-Arg-Phe-NH2 (FMRFamide) and 
novel related peptides are encoded in multiple copies by a single gene in the 
snail Lymnaea stagnalis. J. Neurosci. 10:412-419 
Loh Y.P., Brownstein M.J. and Gainer H., 1984. Proteolysis in neuropeptide 
processing and other neural functions. Ann. Rev. 1Veurosci. 7:189-222 
Lourdes M., Bhaskaran G., Barrera P. and Dahm K.H., 1991. Effect of 
starvation and sucrose feeding on corpora allata of last instar larvae of 
Manduca sexta: in vitro activity, size and cell number. Physiol. Entomol. 16:163-
172 
Lutz E.M., Lesser W., Macdonald M. and Sommerville J., 1990. Novel 
neuropeptides revealed by cDNAs cloned from Helix aspersa nervous system. 
Soc. Neurosci. 16:549-555 
Maniatis T., Fritsch E.F. and Sambrook J., 1982. In: Molecular Cloning: a 
laboratory manual. Cold Spring Harbour Press, USA 
Masner P., Angst M. and Dorn S., 1987. Fenoxycarb, an insect growth regulator 
with juvenile hormone activity: a candidate for Heliothis virescens (F.) control 
on cotton. Pestic. Sci. 18:89-94 
Mayer R.J. and Walker J.H., 1987. In: Immunochemical Methods and 
Molecular Biology. Acedemic Press, London. 
McQuiston AR. and Tobe S.S., 1991a. Developmental changes and second 
messenger modulation of the electrical properties of cells of the cockroach 
corpora allata. J. Insect Physiol. 37:223-229 
McQuiston AR. and Tobe S.S., 1991b. Evidence for a calcium-dependent 
outward conductance in endocrine cells of the cockroach, Diploptera punctata. 
Physiol. Ento. 16:429-433 
Meller V.H., Aucoin R.R., Tobe S.S. and Feyereisen R., 1985. Evidence for an 
inhibitory role of cyclic AMP in the control of juvenile hormone biosynthesis by 
cockroach corpora allata. Mol. Cell. Endocrinol. 43:155-163 
Melton D., King P .A, Rebagliati M.R., Maniatis T., Zinn K. and Green M.R., 
1984. Efficient in vitro synthesis of biologically active RNA and RNA 
hybridization probes from plasmids containing a bacteriophage SP6 promotor. 
N ucl. Acids. Res. 12:7035-7056 
Menn J.J. and Borkovec AB., 1989. Insect neuropeptides: potential new insect 
control agents. J. Agric. Food Chem. 37:271-278 
Meurant K. and Sernia C., 1993. The ultrastructure of the prothoracic gland 
corpus allatum corpus cardiacum ring complex of the Australian sheep blowfly 
larva Lucilia cuprina (Wied) (Insecta, Diptera). Insect Biochem. Molec. Biol. 
23:43-46 
-134-
Monger D.J. and Law J.H., 1982 Control of juvenile hormone biosynthesis. J. 
Biol. Chem. 257:1921-1923 
Muneoka Y. and Saitoh H., 1986. Pharmacology of FMRFamide 1n Mytilus 
catch muscle. Comp. Biochem. Physiol. 85C:207-214 
Nakayama K., Watanabe T., Nakagawa T., Kim W., Nagahama M., Hoska M., 
Katsuzawa K., Kondoh-Hashiba K. and Murakami K., 1992. Consensus 
sequence for precursor processing at mono-arginyl sites. J. Biol. Chem. 
267:16335-16340 
Nambu J.R., Murphy-Erdosh C., Andrews P.C., Feistner G. and Scheller R.H., 
1988. Isolation and characterisation of a Drosophila neuropeptide gene. Neuron 
1:55~1 
Nichols R., 1992. Isolation and structural characterisation of Drosophila 
TDVDHFLRFamide and FMRFamide-containing neural peptides. J. Mol. 
Neurosci. 3:231-218 
Padgett R.A., Grabowski P .J ., Konarska M.M., Seiler S.S. and Sharp P.A., 
1986. Splicing of messenger RNA precursors. Ann. Rev. Biochem. 55:1123-1132 
Painter S.D., 1982. FMRFamide catch contractures of a molluscan smooth 
muscle: pharmacology, ionic dependence and cyclic nucleotides. J. Comp. 
Physiol. 148:491-501 
Paulson C.R. and Stay B., 1985. Inhibition of the corpora allata of last instar 
male larvae of the cockroach Diploptera punctata. J. Insect Physiol. 31:625-630 
Paulson C.R. and Stay B., 1987a. Humoral inhibition of the corpora allata .in 
larvae of Diploptera punctata: role of the brain and ecdysteroids. J. Insect 
Physiol. 33:613-622 
Paulson C.R. and Stay B., 1987b. Inhibition of corpora allata by larval brain 
extracts in the cockroach Diploptera punctata. Mol. Cell. Endocrinol. 51:243-252 
Piulachs M.D. and Couillaud F., 1992. Differential stimulation of juvenile 
hormone III biosynthesis induced by mevalonate and mevalonolactone in 
Blattella germanica (L.). J. Insect Physiol. 38:555-560 
Postlethwait J.H., 197 4. Juvenile hormone and the adult development of 
Drosophila melanogaster. Biol. Bull. 147:199-235 
Pratt G.E., Tobe S.S., Weaver R.J. and Finney J.R., 1975. Spontaneous release of 
C16 juvenile hormone by isolated corpora allata of female locust Schistocerca 
gregaria and female cockroach Periplaneta americana. Gen. Comp. 
Endocrinol. 26:4 78-484 
Pratt G.E., Farnsworth D.E., Fok K.F., Siegel N.R., McCormack A.L., 
Shabanowitz J., Hunt D.F. and Feyereisen R., 1991. Identity of a second type of 
allatostatin from cockroach brains: an octadecapeptide amide with a tyrosine -
rich address sequence. Proc. Natl. Acad. Sci. USA 88:2412-2416 
Pressman B.C. and Fahim M., 1982. Pharmacology and toxicology of the 
monovalent carboxylic ionophores. Ann. Rev. Parmacol. Toxicol. 22:465-490 
-135 -
Price D.A and Greenburg M.J., 1977. Structure of a molluscan cardioexcitatory 
neuropeptide. Science 197:670-671 
Raabe R., 1986. Comparative immunocytochemical study of release sites of 
insulin, glucagon and AKH-like products in Locusta migratoria, Periplaneta 
americana, and Carausius morosus. Cell Tissue Res. 245:267-271 
Rashed H.M. and Patel T.B., 1987. Glucagon-stimulated calcium efflux in the 
isolated perfused rat liver is dependent on cellular redox potential. J. Biol. 
Chem. 262:15953-15958 
Rasmussen H., Chance B. and Ogata E., 1965. A mechanism for the reactions 
of calcium with mitochondria. Proc. Natl. Acad. Sci. USA 53:1069-1079 
Reagan J.D., Miller W.H. and Kramer S.J., 1992. Allatotropin-induced 
formation of inositol phosphates in the corpora allata of the moth, M anduca 
sexta. Arch . Insect Biochem. Physiol. 20:145-155 
Reed P.W., 1982. Biochemical and biological effects of carboxylic acid 
ionophores. In: Polyether Antibiotics: Carboxylic Ionophores. J.W. Westley (ed) 
Vol 1. New York, Dekker 
Reed P.W. and Bokoch G.M., 1982. Cardiovascular and renal effects of A23187 
and monovalent polyethers. In: Polyether Antibiotics: Carboxylic Ionophores. 
J.W. Westley (ed) Vol 1. New York, Dekker 
Reed P.W. and Lardy H.A, 1972. A23187: a divalent cation ionophore. J. Biol . 
. Chem. 21:6970-6977 
Richard D.S., Applebaum S.W., Sliter T.J., Baker F.C., Schooley D.A, Reuter 
C.C., Hendrich V.C. and Gilbert L.I., 1989a. Juvenile hormone bisepoxide 
biosynthesis in vitro by the ring gland of Drosophila melanogaster: a putative 
juvenile hormone in the higher Diptera. Proc. Natl. Acad. Sci. USA 86:1421-1425 
Richard D.S., Applebaum S.W. and Gilbert L.I., 1989b. Developmental 
regulation of juvenile hormone biosynthesis by the ring gland of Drosophila 
melanogaster. J. Comp. Physiol. 159B:383-387 
Richard D.S., Applebaum S.W. and Gilbert L.I., 1990. Allatostatic regulation of 
juvenile hormone production in vitro by the ring gland of Drosophila 
melanogaster. Mol. Cell. Endocrinol. 68:153-161 
Richards G., 1981. Insect hormones in development. Biol. Rev. 56:501-549 
Riddiford. LM. and Ashburn.er M., 1991. Effects of juvenile hormone mimics on 
larval development and metamorphosis of Drosophila melanogaster. Gen. 
Comp. Endocrinol. 82:172-183 
Riddiford L.M., 1993. Hormones and Drosophila development. In: The 
development of Drosophila. M. Bate and A. Martinez-Arias (eds), pp899-939, 
Cold Spring Harbor Lab. Press, New York. 
Robb.S., Packrnan L.C. and Evans P.D., 1989. Isolation, primary structure and 
bioactivity of schistoFLRF-amide, a FMRFamide like neuropeptide from the 
locust, Schistocerca gregaria. Biochem. Biophy. Res. Comm. 160:850-856 
-136-
Roe R.M. and Venkatesh S., 1990. Metabolism of juvenile hormones: 
degradation and titre regulation. In: Morphogenetic Hormones of Arthropods. 
A.P. Gupta (ed) Vol. 1, pp126-l 79, Rutgers Press, New Brunswick 
Hoeller H., Dahm K.IL, Sweeley C.C. and Trost B.M., 1967. The structure of the 
juvenile hormone. Angew. Chem. Int. Engl. 6: 179-180 
Rossoff M.L., Burglin T.R. and Li C., 1992. Alternative spliced transcripts of the 
fip-1 gene encode distinct FMRFamide-like peptides in Caenorhabditis elegans . 
J . Neurosci. 12:2356-2361 
Roush R.T. and McKenzie J.A., 1987. Ecological genetics of insecticide and 
acaricide resistance. Ann. Rev. Entomol. 32:361-80 
Saiki R.K., Gelfand D.IL, Stoffel S., Scharf S.J., Higuchi R., Horn G.T., Mullis 
K.B. and Erlich H.A., 1988. Primer-directed enzymatic amplification of DNA 
with a thermostable DNA polymerase. Science 239:487-491 
Sanger F., Nicklen S. and Coulson A.R., 1977. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467 
Saunders S.E., Bright K., Kellet E., Benjamin P.R. and Burke J.F., 1991. 
Neuropeptides Gly-Asp-Pro-Phe-Leu-Arg-Phe-amide (GDPFLRFamide) and 
Ser-Asp-Pro-Phe-Leu-Arg-Phe-amide (SDPFLRFamide) are encoded by an exon 
3' to the Phe-Met-Arg-Phe-NH2 (FMRFamide) in the snail Lymnaea stagnalis. 
J. Neurosci. 11:740-745 
Schaefer M., Picciotto M.R., Kreiner T., Taussig R. and Scheller R.H., 1985. 
Aplysia neurons express a gene encoding FMRFamide neuropeptides. Cell 
41:457-467 
Schneider L.E. and Taghert P.H., 1988. Isolation and characteriszation of a 
Drosophila gene that encodes multiple neuropeptides related to Phe-Met-Arg-
Phe-NH2 (FMRFamide). Proc. Natl. Acad. Sci. USA 85:1993-1997 
Schooley D.A. and Baker F.C., 1985. Juvenile hormone biosynthesis. In: 
Comprehensive Insect Physiol, Biochemistry and Pharmacology. G.A. Kerkut 
and L.I. Gilbert (eds), Vol. 7. pp 363-390, Pergmon Press, Oxford 
Sehnal F. and Granger N.A., 1975. Control of corpora allata function in larvae 
of Galleria mellonella. Biol. Bull. Woods Hole 148:106-116 
Shemshedini Land Wilson T.G., 1988. A high-affinity, high molecular weight 
juvenile hormone binding protein in the hemolymph of Drosophila 
melanogaster. Insect Biochem. 18:681-689 
Sliter T.J., Sedlak B.J., Baker F.C. and Schooley D.A., 1987. Juvenile hormone 
in Drosophila melanogaster; identification and titre determination during 
development. Insect Biochem. 17:161-165 
Smith W .A., Gilbert L.I. and Bollenbacher W.E., 1985. Calcium-cyclic AMP 
interactions in prothoracicotropic hormone stimulation of ecdysone synthesis. 
Mol. Cell. Endocrinol. 39:71-78 
Sridhara S., Nowock J. and Gilbert LI., 1978. Biochemical endocrinology of 
insect growth and development. Int. Rev. Biochem. 20:133-188 
-137 -
Staal G.B., 1975. Insect growth regulators with juvenile hormone activity. Ann. 
Rev. Entomol. 20:417-460 
Stay B., Chan K.K. and Woodhead A.P., Allatostatin-immunoreactive neurons 
projecting to the corpora allata of adult Diploptera punctata. Cell Tissue Res. 
270:15-23 
Stay B., Joshi S. and Woodhead AP., 1991. Sensitivity to allatostatins of corpora 
allata from larval and adult female Diploptera punctata. J. Insect Physiol. 
37:63-70 
Stay B., Woodhead A.P., Khan M.A., Joshi S. and Tobe S.S., 1991. In: Insect 
Neuropeptides: Chemistry, Biology and Action. J.J. Menn, T.J. Kelly and E.P. 
Masler (eds), pp 164-176, American Chemical Society, Washington, DC 
Szibbo C.M. and Tobe S.S., 1983. Nervous humoral inhibition of C16 juvenile 
hormone synthesis in last instar females of the viviparous cockroach, 
Diploptera punctata. Gen. Comp. Endocrinol. 49:437-445 
Taghert P.H. and Schneider L.E., 1988. Isolation and characterisation of a 
Drosophila gene encoding multiple neuropeptides related to FMRFamide (Phe-
Met-Arg-Phe-NH2). Proc. Natl. Acad. Sci. USA 85:1993-1997 
Taghert P.H. and Schneider L.E., 1990. Interspecific comparison of a 
Drosophila gene encoding FMRFamide-related neuropeptides. J . Neurosci. 
10: 1929-1942 
Taussig R. and Scheller R.H., 1986. The Aplysia FMRFamide gene encodes 
sequences related to mammalian brain peptides. DNA 5:453-461 
Tautz D. and Pfeiffle C., 1989. A nonradioactive in situ hybridization method for 
the localization of specific RNAs in Drosophila embryos reveals a translational 
control of the segmentation gene hunchback. Chromosoma 98:81-85 
Thomas G., Thorne B.A. and Hruby D.E., 1988. Gene transfer techniques to 
study neuropeptide processing. Ann. Rev. Physiol. 50:323-332 
Thompson C.S., Yagi K.J., Chen Z.F. and Tobe S.S., 1990. The effects of 
octopamine on juvenile hormone biosynthesis, electrophysiology and cAMP 
content of the corpora allata of the cockroach Diploptera punctata. J. Comp. 
Physiol. 160:241-249 
Tobe S.S. and Clarke N., 1985. The effect of L-methionine concentration on 
juvenile hormone biosynthesis by corpora allata of the cockroach Diploptera 
punctata. Insect Biochem. 15:175-179 
Tobe S.S. and Feyereisen R., 1983. Juvenile hormone biosynthesis, regulation 
and assay. In: Endocrinology of Insects. R.G. Downer and H. Laufer (eds), pp 
161-178, Alan R Liss, New York 
Tobe S.S. and Pratt G.E., 197 4a. The influence of substrate concentrations on the 
rate of insect juvenile hormone biosynthesis of corpora allata of the Desert 
Locust in vitro. Biochem. J. 144:107-113 
Tobe S.S. and Pratt G.E., 197 4b. Dependence of juvenile hormone release from 
the corpora allata on intraglandular content. Nature 252:474-476 
-138-
Tobe S.S. and Pratt G.E., 1976. Farnesoic acid stimulation of juvenile hormone 
biosynthesis as an experimental probe in corpus allatum physiology. In: The 
Juvenile Hormones. L.I. Gilbert (ed), pp147-163, Plenum Press, New York 
Tobe S.S. and Stay B., 1977. Corpus allatum activity in vitro during the 
reproductive cycle of the viviparous cockroach, Diploptera punctata. Gen. 
Comp. Endocrinol. 31:138-147 
Tobe S.S. and Stay B., 1985. Structure and regulation of the corpus allatum. 
Adv. Insect Physiol. 18:305-432 
Tobe S.S., Young D.A., Khoo H.W. and Baker F.C., 1989. Farnesoic acid as a 
major product of release from crustacean mandibular organs in vitro. J. Exp. 
Zool. 249:165-171 
Tobe S.S., 1990. Role of intracellular messengers in the regulation of juvenile 
hormone biosynthesis in the cockroach, Diploptera punctata. In: Progress in 
Comparative Endocrinology. Vol 342, ppl 74-179, Wiley-Liss, New York 
Trowell S.C., Hines E.R., Herlt A.J. and Rickards R. W ., 1994. Characterisation 
of a juvenile hormone-carrying lipophorin from the blowfly Lucilia cuprina. 
Comp. Eiochem. Physiol. (in press) 
Truman J.W. and Riddiford L.M., 1977. Invertebrate systems for the study of 
hormonal effects on behaviour. Vitam. Horm. 35:283-325 
Tsang P.W. and Orchard I. 1991. Distribution of FMRFamide-related peptides 
in the blood-feeding bug, Rhodnius prolixus. J. Comp. Neurol. 311:17-32 
Unnithan G.C., Summers C.E., Davis N.T. and Feyereisen R., 1993. Peptides of 
the allatostatin family in the anterior midgut of the cockroach, Diploptera 
punctata. 2nd International symposium on Molecular Insect Science. Flagstaff, 
Arizona 
Van Mellaert H., Theunis S. and DeLoof A., 1985. Juvenile hormone binding 
proteins in Sarcophaga bullata haemolymph and vitellogenic ovaries. Insect 
Eiochem. 15:655-661 
Van Weemen B.K. and Schuurs A.H.W.M., 1971a. Immunoassay using 
antigen-enzyme conjugates. FEES Lett. 15:232-236 
Van Weemen B.K. and Schuurs A.H.W.M., 1971b. Immunoassay using 
hapten-enzyme conjugates. FEES Lett. 24:77-81 
Veenstra J.A. and Schooneveld H., 1984. Immunocytochemical localization of 
neurons in the nervous system of the Colorado Potato Beetle with antisera 
against FMRFamide and bovine pancreatic polypeptide. Cell Tissue Res. 
235:303-308 
Veldhuis J.D. and Klase P.A., 1982. Mechanisms by which calcium ions 
regulate the steroidogenic actions of luteinizing hormone in isolated ovarian 
cells in vitro. Endocrinol. 111:1-6 
Vieira J. and Messing J., 1987. Production of single stranded plasmid DNA. 
Methods Enzymol. 153:1-11 
-139-
Vogt M., 1943. Zur produktion gonadotropen Hormons <lurch Ringdrusen des 
ersten Larvin-stadiums bei Drosophila. Biol.Zb. , 63:467-4 70 
Vogt M., 1946. Inhibitory effects of the corpora cardiaca and of the corpus 
allatum in Drosophila. Nature . 157:512-516 
WaltherC., Schiebe M. and Voigt K.H., 1984. Synaptic and non-synaptic effects 
of molluscan cardioexcitatory neuropeptides on locust skeletal muscle. 
Neurosci. Lett. 45:99-104 
Walther C. and Schiebe M., 1987. FMRF-NH2-like factor from a neurohaemal 
organ modulates neuromuscular transmission in the locust. Neurosci. Lett. 
77:209-214 
Weaver R.J., Pratt G.E., Hamnett A.F. and Jennings R.C., 1980. The influence 
of incubation conditions on the rates of juvenile hormone biosynthesis by 
corpora allata isolated from adult females of the beetle Tenebrio molitor. Insect 
Biochem. 10:245-254 
Weaver R.J., Freeman Z.A., Pickering M.G. and Edwards J.P., 1994. 
Identification of two allatostatins from the CNS of the cockroach Periplaneta 
americana: novel members of a family of neuropeptide inhibitors of insect 
juvenile hormone biosynthesis. Comp. Biochem. Physiol. 107C:119-127 
Weber E., Evans C.J., Samuelsson S.J. and Barchas J.D., 1981. Novel peptide 
neuronal system in rat brain and pituitary. Science 214: 1248-1251 
White K., Hurteau T. and Punsal P., 1986. Neuropeptide-FMRFamide-like 
immunoreactivity in Drosophila: development and distribution. J . Comp. 
Neurol. 247:430-438 · 
Wigglesworth V.B., 1936. The function of the corpus allatum in the growth and 
reproduction of Rhodnius prolixus (Hemiptera). Q. J. Microsc. Sci. 79:91-121 
Wigglesworth V.B., 1970. In: Insect Hormones. Oliver and Boyd, Edinburgh 
Woodhead A.P., Stay B., Seidel S.L., Khan M.A. and Tobe S.S., 1989. Primary 
structure of four allatostatins: Neuropeptide inhibitors of juvenile hormone 
synthesis. Proc. Natl. Acad. Sci. USA 86:5997-6001 
Wright J.E., 1970. Hormones for control of livestock arthropods. Development of 
an assay to select candidate compounds with juvenile hormone activity in the 
stable fly. J. Econ. Entomol. 63:878-883 
Wright J.E., 1972. Hormones for control of livestock arthropods. Effectiveness of 
three juvenile hormone analogues for control of stable flies. J. Econ. Entomol. 
65:1361-1364 
Wyatt G.R., 1990. Developmental and juvenile hormone control of gene 
expression in locust fat body. In: Molecular Insect Science. H.H. Hagedorn, 
J.G. Hildebrand, G. Kidwell and J.H. Law (eds), pp 163-172, Plenum Press, 
New York 
Yagi S. and Fukaya M., 1974. Juvenile hormone as a key factor regulating 
larval diapause of the rice stem borer, Chilo suppressalis. Appl. Entomol. Zool. 
9:247-255 
-140-
Yin C.-M. and Chippendale G.M., 1979. Diapause of the southwestern corn 
borer, Diatraea grandiosella: further evidence showing juvenile hormone to be 
the regulator. Insect Physiol. 25:513-523 
Zitnan D., Sehnal F. and Bryant P.J., 1993. Neurons producing specific 
neuropeptides in the central nervous system of normal and pupariation-delayed 
Drosophila. Dev. Biol. 156:117-135. 
Zou B.-X., Yin C.-M., Stoffolano J.G. and Tobe S.S., 1989. Juvenile hormone 
biosynthesis and release during oocyte development in Phormia regina Meigen. 
Physiol. Entomol. 14:233-239 
-141-
Appendix I 
Isolation, characterisation and expre~on of the F:MR.Famide 
gene of L cuprina 
Introduction 
The neuropeptide FMRFamide was originally isolated from 
molluscs (Price and Greenberg, 1977) and although the distribution of the 
tetrapeptide FMRFamide appears limited to this Phylum, a family of N-
terminally extended FMRFamide peptides has been found in the higher 
Diptera (Schneider and Taghert, 1988; N ambu et al., 1988; Duve et al., 
1992). In molluscs, FMRFamide exhibits a broad range of physiological 
actions on both the central and peripheral nervous system. For example, 
it is cardioexcitatory in some species (Price and Greenberg, 1977) and 
cardioinhibitory in others (Greenberg and Price, 1979; Painter, 1982), it 
causes contraction of Aplysia gill muscle fibres (Cawthorpe and 
Lukowiak, 1990) and the Mytilus anterior byssus retractor muscle 
(Painter, 1992) and it suppresses activation of Helisoma salivary glands 
(Bulloch et al., 1988). 
In the higher Diptera knowledge of the physiological action of the 
N-terminally extended FMRFamide peptides is limited to studies on the 
calli(FMRF)amide peptides isolated from Calliphora vomitoria, where 
some members of the family increased heart rate and others increased 
salivary gland secretion (Duve et al., 1992,1993). Although information 
about the physiological actions of this large family of peptides is scant, 
the pattern of gene expression in Drosophila melanogaster has led to 
speculation about their functional roles. During metamorphosis, stage 
specific expression in a small number of neurons in the CNS suggests a 
role in adult development (Schneider et al., 1993b). Expression during 
metamorphosis and most of the remainder of the insect life cycle has 
been observed in both interneurons and neuroendocrine cells implicating 
the gene in a complex array of in vivo actions involving both central and 
peripheral targets (Schneider et al., 1991, 1993b). 
The D. melanogaster FMRFamide gene encodes 13 N-terminally 
extended FMRFamide and two FMRFamide-like peptides ranging from 
seven to nine residues in length (Schneider and Taghert, 1988; Taghert 
and Schneider, 1990; N ambu et al., 1988; Chin et al., 1990). Three of 
these peptides have been isolated from whole adult extracts (N ambu et 
al., 1988; Nichols, 1992). Another dipteran gene encoding N-terminally 
extended peptides has been characterised from Drosophila virilis 
(Taghert and Schneider, 1990). This gene encodes eight N-terminally 
extended FMRFamide and two FMRFamide-like peptides, the sequence 
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of some but not all being conserved between the two species (Taghert and 
Schneider, 1990). 
The peptides predicted from both Drosophila FMRFamide gene 
sequences and the family of peptides isolated from the blowfly 
C. vomitoria are similar in so far as authentic tetrapeptide FMRFamide 
is_not represented and all the peptides are N-terminally extended by 3-7 
residues. However, the sequences have not been generally conserved, 
with only one of the Drosophila peptides being found in C. vomitoria 
(Duve et al., 1992). We are using a combined biochemical, physiological 
and molecular approach in an attempt to understand the diversity and 
functional significance of these peptides in dipteran insects. Although 
Drosophila has the advantage of being a highly developed model for 
genetic analysis, it's size is a disadvantage for physiological studies. 
Thus, we have based our studies on the Australian sheep blowfly, Lucilia 
cuprina, a species which has been well characterised genetically (Weller 
and Foster, 1993), is readily raised in large numbers and is more 
amenable to physiological studies by virtue of its larger size in 
comparison to the fruit fly. Here we describe the cloning and 
characterisation of the L. cuprina FMRFamide gene. 
Materials and Methods 
Probe synthesis 
A 892bp fragment was amplified from genomic DNA of a Canton S 
strain of D. melanogaster using the polymerase chain reaction (PCR) 
(Saiki et al., 1988). The PCR primers, (GCATTGCCTT GATGTTCCTG 
C, position 8-38 and GCCTTGATTG GACTTGACTG G, position 880 to 
900, based on the published sequence by Schneider and Taghert, 1988), 
were synthesised on a GeneAssembler (Pharmacia) and used at a final 
concentration of lµM. The PCR reaction was performed on 0.5µg DNA in 
the presence of 0.2mM dNTP (Pharmacia) in PCR buffer (15mM 
magnesium, lOmM Tris-HCl pH 8.3, 0.01% gelatine, 50mM KCl). PCR 
was carried out in a thermal sequencer (Corbett Research) for 35 cycles 
(95°C, 70s; 65°C, 60s; 72°C for 2 min) preceded by a 6 min denaturation 
step at 95°C, and followed by a 5 min final extention at 72°C. Taq DNA 
polymerase (125U, Pharmacia) was added at the start and again after 25 
cycles. 
The 892bp amplified band was labelled with p32 by random 
hexamer priming (Feinberg and Vogelstein, 1983) after gel-purification 
using 'Gene-clean' (Bio 101). 
Genomic clone identification 
Approximately three genome equivalents (80, 000 plaques) of a 
genomic library prepared from the L. cuprina strain LS-2, were plated on 
Escherichia coli strain LE392, transferred to nitrocellulose and screened 
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with a probe prepared from the 892bp amplicon of the D. melanogaster 
FMRFamide gene. Filters were prehybridised at 50°C for four hours in 
an aqueous hybridisation solution consisting of 5 x SSPE, 0.1 % (w/v) SDS, 
5 x Denhardts' solution, lmM EDTA and 200mg/ml denatured 
fragmented salmon sperm DNA. Freshly denatured probe was added 
and hybridisation proceded for 12 hours at 50°C. Filters were washed for 
30 min in 2 x SSPE and 0.1 % SDS, twice at room temperature and once at 
50°C. 
Recombinant bacteriophage DNA was subcloned into pBluescript 
SK- (Stratogene) and sequenced by dideoxy chain termination (Sanger et 
al., 1977) using the T7 sequencing kit from Pharmacia. Sequence and 
comparison analysis was performed using the GCG software package 
developed by Devereux et al. (1984). 
cDNA clone identification 
A 1295bp Taql fragment encompassing the L. cuprina 
FMRFamide gene open reading frame (nucleotides 105 to 1400 of exon 2) 
was used to screen a random primed cDNA libary made from mRNA 
isolated from adult L. cuprina heads. Hybridisation was performed as 
described for genomic clones but at 65°C. Filters were washed for 30 min 
in 0.1 x SSC/0.1 % SDS twice at room temperature and once at 65°C. One 
clone that included both exons was identified and sequenced. 
Northern analysis 
Total RNA from first instar larvae was purified (Maniatis et al., 
1982), poly (A+) enriched, size fractionated in a denaturing formaldehyde 
gel and transferred to Hybond-N+ membrane (Amersham) in 50mM 
NaOH. The blot was probed with a 1295bp Taql riboprobe encompassing 
the L. cuprina FMRFamide gene open reading frame (nucleotides 105 to 
1400 of exon 2), labelled with p32 (Melton et al., 1984) in hybridization 
buffer (50% formamide, 6 x SSC, 1% (v/w) SDS, 0.1% Tween 20, 0.5 mg/ml 
salmon sperm DNA) at 60° C. The blot was washed for 15 min, twice at 
room temperature in 2 x SSC/0.1 % SDS, once at 70°C in 0.2 x SSC/1 % 
SDS, then once at room temperature in 0.1 x SSC/0.1% SDS. After 
washing the blot was treated with lµg/ml RNase A in 2 x SSC, for 30 min 
at room temperature, then autoradiographed at -80°C for 1 week. 
In situ hybridisation and probe labelling 
Larval brains were dissected in PBS and fixed for 20 min in 4% 
(w/v) paraformaldehyde. The tissue was permeabilised in 
methanol/EGTA, digested with proteinase K (50mg/ml for seven min at 
22°C), then pretreated and hybridised according to Tautz and Pfeifle 
(1989). The in situ hybridisation probe was made using a 1295bp Taql 
template that spanned the FMRFamide prohormone coding region 
(nucleotides 105 to 1400 of exon two). The probe was labelled with 
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digoxigenin by random-primed synthesis using a kit and protocol from 
Boehringer Mannheim. Probe location was visualised after incubating 
overnight in 800ml antibody-conjugate solution (Boehringer Mannheim) 
diluted to 1 in 2,000 in PBT (PBS + 0.1 % Tween 20) and washed and 
stained according to Tautz and Pfeifle, 1989. Tissue was stored in 70% 
glycerol. 
Immunocytochemistry 
Tissues were dissected under saline (20mM Hepes, 150mM NaCl, 
4mM KCl, 200mM sucrose) and fixed in freshly prepared 4% (w/v) 
paraformaldehyde in PBS (8mM Na2HP04, 140mM NaCl, 3mM KCl, 
1.5mM KH2P04, adjusted to pH 7 .2) for at least 15 minutes. After several 
washes in PBS they were permeabilized by successive incubations in 70% 
methanol in PBS (5 min), 100% methanol (60 min), and 70% methanol in 
PBS (5 min). Tissues were then washed twice in PBS, twice in PBT (PBS 
with 0.1 % Triton X-100, 0.2% bovine serum albumin) and incubated for 30 
min in PBT + 5% normal goat serum (PBT + N) to block non-specific 
immunoglobulin binding. Tissues were incubated in a 1:1,000 dilution 
(in PBT + N) of a rabbit polyclonal anti-FMRFamide antibody (Cambridge 
Biochemicals) for at least 2 hours at room temperature then overnight at 
4°C. After extensive washing in PBT and a further 30 min blocking in 
PBT + N tissues were incubated in a 1:40 dilution (in PBT + N) of 
fluorescein-conjugated goat anti-rabbit secondary antibody (Silenus 
Laboratories) and incubated for 2 hours at room temperature th~n 
overnight at 4°C. After multiple washes in PBT, tissues were cleared in 
70% glycerol and mounted in 0.01 % w/v p-phenylenediamine (Sigma) 
dissolved in 70% glycerol. All processing was at room temperature 
unless otherwise stated. Tissues were analysed using a confocal laser 
scanning microscope (Hines et al., 1993). 
Resul~ 
Isolation of the L. cuprina FMRFamide gene 
A 892-bp amplicon derived from the D. melanogaster FMRFamide 
gene was used to probe a L. cuprina genomic library. From the library 
screen, two putative FMRFamide clones were identified and plaque 
purified (LcFMRFl, 13.5kb and LcFMRF2, 12.5kb). A lOOObp Clal 
fragment from LcFMRF2, that was not recognised by the 
D. melanogaster PCR generated probe, was used to probe a Southern blot 
of selected restriction enzyme digests of LcFMRFl DNA. This probe 
recognised a lOOObp Clal fragment of LcFMRFl suggesting that the two 
clones contain the same section of genomic DNA. Only LcFMRFl was 
subsequently subcloned and sequenced. 
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Gene organisation and expression 
The primary structure and restriction enzyme map of a gene 
encoding a series of FMRFamide-like neuropeptides in L. cuprina is 
presented in figure 1. The gene is organised in to two exons separated by 
an intron of approximately 9 kb in length. Exon 1 is 265 bp long and the 
presence of multiple stop codons throughout its length suggests that it is 
completely untranslated (Fig. 2). Exon 2 is 1709 bp long and contains a 
single long open reading frame that encodes a 446 amino acid protein 
(Fig. 3). Consensus splice sequences as defined by Padgett et al. ( 1986) 
are found at the proposed intron-exon boundries (Figs. 2 & 3). 
In the 5' region of the gene a consensus mRNA cap site is located 
31 nucleotides downstream of a TATAAA sequence (Fig. 2). This cap site 
sequence is predicted to be the transcription start site from of its location 
in respect to the TATAAA sequence and because of sequence similarities 
between this region and the 5' region of the D. melanogaster gene 
(Schneider and Taghert, 1988; Nambu et al., 1988; Chin et al., 1990). In 
the 3' untranslated region an AAUAAA polyadenylation signal is found 
centered at nucleotide position 1704 of exon 2 (Fig. 3). Northern blot 
analysis of RNA from first instar larvae shows a single approximately 2 
kb transcript (Fig. 4). The size of this message is consistent with the 
1969bp size predicted from the positioning of the proposed 'cap' and 
'polyadenylation' sites. 
Prohormone organisation 
The predicted prohormone is 449 amino acids in length (Fig. 3) and 
begins with a 20 residue hydrophobic leader region suggestive of a signal 
peptide (Fig. 3). A lysine residue, a potential endoproteolytic cleavage 
signal for removal of this sequence, occurs immediately after this leader 
region (Fig. 3). The initiator methionine is proposed to occur at 
nucleotide positions 40-42 in the second exon, as this is the first AUG in 
the open reading frame, it is in frame with the FMRF sequences and it 
precedes the 20 amino acid hydrophobic sequence. 
The protein encodes 18, mostly contiguous, peptides ranging from 
7 to 12 residues in length (Fig. 3). Of these, 16 have F-M-R-F and two 
have F-I-R-F sequences at the carboxyl termini and all are extended in 
the N-terminal direction. Each peptide is unique, with the exception of 
SPSQDFMRF, which occurs as a set of four tandem repeats. All are 
flanked by basic residues, potential signals for endoproteolytic cleavage 
(Docherty and Steiner, 1982; Thomas et al., 1988; Nakayama et al., 1992), 
and each possesses a C-terminal glycine residue, a potential signal for 
pepti~e amidation (Eipper and Mains, 1988). Additionally there is a F-M-
R-Y sequence at nucleotide position +1019 of exon 2 flanked by basic 
residues which could theoretically liberate a NTPKIPQNFMRY non-
amidated peptide. 
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At this stage it is not known if any of the peptides are produced in 
L. cuprina, however a similar set of peptides has been isolated from 
C. vomitora (Duve et al., 1992). The presence of flanking basic cleavage 
sites and glycine amidation sites on all the proposed peptides and the 
similarity between the L. cuprina and C. vomitoria peptides argues that 
the peptides are liberated in L. cuprina as well. 
Comparison with Drosophila FMRFamide genes 
Previously, comparison of the FMRFamide genes from 
D. melanogaster and D. virilis was used to identify conserved and 
therefore possibly important functional regions of the genes (Taghert and 
Schneider, 1990). A comparison of these genes with the L. cuprina gene 
shows that all are similar, in that they are organised into two exons, the 
first of which is untranslated, while the second encodes a large number 
of potential peptides flanked by appropriate processing signals. The 
putative prohormone of L. cuprina is larger ( 449 amino acids) than either 
of the Drosophila species (D.m.: 347; D.v.: 339 amino acids) and encodes 
more peptides (L.c.:18; D.m.: 13; D.v.: 10). There is little conservaton of 
the peptides encoded within the precursor with only one peptide being 
similar between L. cuprina and D. melanogaster (PDNFMRFamide). 
This peptide is the only one common to both C. vomitoria and D. virilis. 
Despite the nucleotide sequences of the prohormone being 65.68% similar 
between L. cuprina and D. melanogaster and 59.76% similar between 
L. cuprina and D. virilis, a computer alignment of the genes shows the 
proposed endoproteolytic cleavage sites are 100% conserved. 
The comparison of the two Drosophila genes (Taghert and 
Schneider, 1990) identified eighteen sequence elements in the 5' 
upstream region of the genes with 80% or higher amino acid sequence 
identity. A comparison of the L. cuprina gene with the two Drosophila 
promotor regions identified 24 regions of homology (Fig. 5). With the 
exception of three regions, all these corresponded to the conserved 
domains previously identified by Taghert and Schneider (1990), although 
generally these were shorter and less conserved than the regions 
identified in the interspecific Drosophila comparison. The longest 
domain (#18) extended into exon 1 and included a putative TATA box and 
an mRNA cap site, the sequences of which were spatially conserved in 
all three species. Several of the conserved regions reported in Drosophila 
were not found in the L. cuprina gene (regions #10 & 15), others were 
represented within region #18 (#14 & 16), and several regions were found 
more than once (regions #3,4,6, 7 ,8 & 13). Six of the regions were found 
downstream from the proposed mRNA cap site; four within exon 1 and 
two within the intron. Two of these downstream sequences are present 
only in D. virilis and L. cuprina. In addition, D. virilis and L. cuprina 
have a 40bp AC rich region (82% homology: -91 to -51, L. cuprina; -189 to -
149, D. virilis). 
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Expression of FMRFamide-related peptides in the CNS 
Tissue wholemount immunocytochemistry with an antiserum to 
FMRFamide identified a large number of cells in the L. cuprina larval 
CNS (Fig. 6a). In the protocerebrum a variable number of bilaterally 
symmetric immunoreactive perikarya were observed. Six pairs of large 
(20 µm diameter) strongly labelled cells were invariably identified in each 
hemisphere, two in the anterior medial protocerebrum (AMP) that most 
probably correspond to medial neurosecretory cells, and four pairs in a 
posterior medial location (PMPl and PMP2). In addition to these 
prominent cells a much larger number of smaller cells (10 - 15µm 
diameter) were found in the antero-dorsal region of the lateral 
protocerebrum (ALP). These cells were more variable in staining 
intensity but at least nine cells were always observed in each hemisphere 
(Fig. 6a,b). In the suboesophageal ganglion region, two pairs of large (20 
µm diameter) immunoreactive cells were routinely present (Fig. 6c) . The 
labelling pattern in the fused ventral nerve cord was dominated by six 
large (25 - 30 µm diameter) cells, one pair in each thoracic ganglion 
segment. Axons projecting from these cells could be traced to the 
neurohaemal organ on the dorsal surface of the ganglion (Fig. 6a). 
Based on their size, ventro lateral location and axon trajectories, these 
cells most likely correspond to the ventral thoracic neurosecretory cells 
(VTNCs). FMRFamide immunoreactivity in the abdominal ganglion 
was weak and variable. One pair of small (10 µm diameter) cells was 
usually found in a dorso-lateral position, and another pair of similar size 
in a ventro-medial position in each abdominal ganglion. An additional, 
medially located pair of more strongly labelled cells was observed in the 
first and last abdominal ganglia. 
Expression of the FMRFamide prohormone gene 
In situ hybridisation histochemistry on tissue wholemounts was 
used to identify sites of FMRFamide gene expression in several tissues 
including the CNS, ring gland endocrine complex, the entire alimentary 
canal and associated elements in the stomatogastric nervous system and 
the heart. Among these tissues, hybridization was observed only in the 
CNS (Fig. 7a, b). Hybridization in the protocerebrum was extremely 
weak and restricted to only three bilateraily symetric cells in each 
hemisphere (not shown). Two of these cells were small (10-15 µm 
diameter) and located in the anterior dorsal lateral cortex, while the 
third was larger (10-15 µm diameter) and more posteriorly positioned 
(Fig. 8b). Two small cells (10 µm diameter) were found on the ventral 
surface in the presumptive tritocerebral region of the brain, and a single 
pair of large (20 µm diameter), strongly labelled cells were present in the 
suboesophageal ganglion (Fig 7 a ). Three pairs of large (25-30 µm 
diameter), intensely labelled cells corresponding in position to the 
VTNCs were observed in the thoracic ganglia of the fused ventral nerve 
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cord (Fig 7a, b). These six cells accounted for the majority of the 
FMRFamide gene expression in the larval CNS. The patterns of 
FMRFamide-like peptide expression and the FMRFamide prohormone 
gene expression are summerised in figure 8a and b respectively. 
Discussion 
Comparison of the L. cuprina FMRFamide gene with those 
previously isolated from D. melanogaster (N ambu et al., 1988; Schneider 
and Taghert, 1988; Chin et al., 1990) and D. virilis (Taghert and 
Schneider, 1990) shows that genomic structure and organisation is 
conserved in all three species. The gene consists of two exons, a short 
first exon encoding an untranslated leader sequence and a longer second 
exon that encodes the putative FMRFamide prohormone. The intron, 
which is approximately 9 kb in length in L. cuprina is substantially 
longer than in Drosophila, a phenomenon that has been observed 
previously in interspecific comparisons between Lucilia and Drosophila 
(Elizur et al., 198 ). Superficially, prohormone organization is also 
similar in the three species, beginning with a hydrophobic leader that 
probably constitutes a signal peptide. The majority of the FMRFamide 
peptides occur as a long tandem array separated by single arginine 
residues that theoretically constitute endoproteolytic processing sites. 
The repeated sequence X-F-M-R-F-G-R-X (where X may be any of a 
number of different residues) that is established by this tandem 
organization conforms well to the consensus derived by Nakayama et al. 
( 1992) for cleavage at mono-arginyl sites. The contiguous organization of 
this block of peptides allows little scope for differential proteolytic 
processing to generate cell-specific patterns of peptide expression. In 
contrast, the first FMRFamide-like peptide in the prohormone occurs in 
a rather different sequence context that is also conserved between 
species. This peptide, which is structurally similar in the three species, 
is flanked by three consecutive basic residues on its N-terminal side and 
a di-basic Lys-Arg pair on its C-terminal side. Given the general lack of 
sequence conservation in surrounding residues and the fact that it is 
spatially isolated from the remaining members of the family, it is 
possible that this peptide is either differentially cleaved or packaged in 
secretory vesicles to obtain a different cell-type or intraneuronal 
distribution. 
Apart from these conserved features the three prohormones differ 
considerably in their organization, with respect to both number and 
structure of the peptides. For example, the D. melanogaster and 
D. virilis genes encode thirteen and ten FMRFamide-like peptides 
respectively, whereas the L. cuprina gene encodes eighteen. Curiously, 
only one peptide (PDNFMRFamide) is common to all three species. This 
structural diversity is even more remarkable when the peptides isolated 
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from another blowfly, C. vomitoria (Duve et al., 1992) are taken into 
consideration. The structures of all the dipteran FMRFamide-like 
peptides identified by gene and direct peptide sequence analysis are 
presented in Table 1. One peptide is found in all four species , four 
additional peptides are shared between the two Drosophila species and a 
different set of four peptides is common to the two blowfly species. It is 
possible to divide the peptides into a number of subgroups (Table 1) the 
largest of which is a group of nonapeptides with the C-terminal 
hexapeptide sequence -QDFMRFamide. In addition, the majority of this 
group has a proline residue at position 2 from the N-terminus. 
Molecular modelling studies suggested that the context of this proline, in 
terms of adjacent amino acids, might determine whether the peptides 
are likely to form a type I or type II beta-turn between residues 1 and 4 
(Duve et al., 1994). These structural differences have important 
physiological consequences. Duve et al. (1992) have shown that three 
members of the QDFMRFamide sub-family (SPS-, TPS- and 
TPQQDFMRFamide) are potent saliva secretagogues, whereas three 
others of this group (KPN-, APG- and ASGQDFMRFamide) are inactive 
in this bioassay. Interestingly, two of this same set of six peptides are 
active in a semi-isolated heart assay (Duve et al., 1993), with 
TPQQDFMRFamide increasing the frequency of contraction and 
APGQDFMRFamide increasing both frequency and amplitude. If these 
in vitro bioassays reflect in vivo activities, the results suggest either a 
degree of functional redundancy between the various peptides, or a high 
level of cellular specialization in an apparently simple tissue such as the 
salivary gland, with different peptides acting on different cell types. If 
some peptides prove to be functionally redundant, this may partly explain 
the enormous structural diversity that exists in this large family of 
dipteran peptides. 
Immunocytochemistry has been used extensively to examine sites 
of FMRFamide-like peptide expression in the CNS of many insect species 
(reviewed in Nassel, 1993). It has become increasingly clear that 
antisera generated against the tetrapeptide FMRFamide are not 
particularly specific and the immunodominant epitope appears to be the 
C-terminal RFamide moiety. Under these circumstances expression of 
FMRFamide containing peptides will be only a subset of 
immunolabelling patterns seen with anti-FMRFamide antisera. This is 
an important consideration, especially in the higher Diptera where 
neuropeptides with the carboxyl termini -FMRFamide (N ambu et al., 
1988; Schneider and Taghert, 1988; Nichols, 1992a), -HMRFamide 
(Nichols, 1992a) and -FLRFamide (Fonagy et al., 1992; Nichols, 1992) are 
known. The antiserum used in the present study recognises known 
L. cuprina peptides with the carboxyl termini -FMRFamide, -
HM~Famide, -FLRFamide and -FIRFamide (M. Davey and P . East, 
unpublished). To overcome this problem other, more specific techniques 
such as antisera to internal peptide sequences and in situ hybridisation 
are required. 
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FMRFamide gene expression was examined in a number of larval 
tissues known to show strong RFamide immunoreactivity, including the 
CNS, gut and stomatogastric nervous system (Hines et al. , 1993) and the 
heart (P. East and K. Tregenza, unpublished). Of these, only the CNS 
showed detectable levels of FMRFamide prohormone mRNA (Fig. 8b). 
Sixteen cells expressing the FMRFamide gene are routinely detected. 
This is much less than the number seen with the RFamide antiserum 
(Fig. 8a) but is consistent with results obtained from 
imm unocytochemical studies with an tisera directed against the 
HMRFamide C-terminus of dipteran sulfakinin peptides (P. East, A. 
Howard, H. Duve and A. Thorpe, unpublished). In addition to the four 
cells expressing the sulfakinin gene, these antisera recognised three to 
six cells in each protocerebral hemisphere, a pair of cells in the 
tritocerebrum, a pair in the suboesophageal ganglion and three pairs in 
the VTNCs. It is possible that the wholemount in situ hybridisation 
technique used here failed to detect some weakly expressing cells but it is 
unlikely that any strong or moderately expressing cells have been 
missed. 
The in situ hybridisation analysis showed clearly that the bulk of 
FMRFamide gene expression in the larval CNS is found in the VTNCs. 
Immunocytochemical studies suggest that these cells express a variety of 
different peptides including gastrin/CCK-like (N assel et al., 1988) and 
-Substance P-like (White and Valles, 1985) material. These peptides are 
apparently transported to a neurohaemal site on the dorsal surface of the 
ventral ganglion for release into the haemolymph (Nassel et al., 1988). It 
is likely therefore, that many of the FMRFamide peptides in L. cuprina 
act as circulating neurohormones. In this context it is interesting that 
the peptide SPSQDFMRFamide, which is present in four copies on the 
L. cuprina prohormone, was one of three shown to be potent regulators 
of saliva secretion in the adult blowfly C. vomitoria (Duve et al., 1992). 
Conversely, the absence of FMRFamide gene expression in the 
stomatogastric nervous system and midgut endocrine cells establishes 
that the FMRFamide peptides are not responsible for the RFamide 
immunoreactivity observed in these tissues in L. cuprina (Hines et al., 
1993) or other larval dipterans (Sivasubramanian, 1992). This is 
consistent with our failure so far to find any effect of these peptides in 
bioassays with the isolated larval gut (P. East and K. Tregenza, 
unpublished). 
The expression pattern observed in L. cuprina is in good 
agreement with detailed studies in D. melanogaster using in situ 
hybridisation (Schneider et al. , 1991) and immunocytochemistry with 
antisera against internal sequences of the Drosphila FMRFamide 
prohormone (Schneider et al., 1993). The most striking difference is the 
larger number of cells observed in the protocerebrum and the single pair 
in the terminal abdominal ganglion. This apparent difference between 
these two species of higher Diptera is intriguing and may reflect different 
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functions of the FMRFamide peptides in the two species. It is clear that 
the sequences of the FMRFamide peptides are evolving quite rapidly 
(Table 1) and it is reasonable to suppose that this diversity will be 
reflected also in the cell specific pattern of prohormone gene expression. 
Comparison of presumptive promotor regions has identified a 
number of short sequences located upstream of the L. cuprina gene that 
correspond to previously identified conserved 5' elements of the 
Drosophila genes (Taghert and Schneider, 1990). Although these regions 
are not spatially conserved between the three species and their sequences 
do not correspond to any known cis-acting elements (Taghert and 
Schneider, 1990), their conservation in L. cuprina is consistent with a 
functional role in the promotor of the gene. Promotor regions have been 
sequenced from very few insect neuropeptide genes and consequently 
little is yet known of the nature of cell-specific enhancer elements. 
Preliminary deletion studies of the D. melanogaster FMRFamide gene 
promotor have shown that DNA sequences responsible for expression in 
individual cell types such as the VTNCs can be delimited to specific 
regions (Schneider et al., 1993a). The availability of sequence 
information from other, less closely related species should prove useful 
for identifying candidate regulatory motifs for more precise mutagenesis 
studies. For example, the extensive region of sequence homology 
between L. cuprina and the two Drosophila genes, that extends from the 
putative TATA box some distance into the 5' untranslated leader of the 
mRNA (Fig. 5, region 18), is strongly indicative of the presence of gene 
regulatory elements. As other neuropeptide genes are isolated, 
especially those that are expressed at high levels in major neurosecretory 
cell types such as the VTNCs and the medial and lateral neurosecretory 
cells, interspecific studies of the type reported here will greatly facilitate 
the analysis of complex patterns of gene expression. 
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Table 1. Amino acid sequence of dipteran FMRFamide-like peptides. 
Peptide sub- N terminal sequence 
family 
D. melanogaster D. virilis L. cuprina C. vomitoria 
-QDFMRF OPKQD OPKQD TPQQO (Lu. 1) TPQQO (Cal. 1) 
OPSQD APSQO (Lu. 2) TPSQO (Cal. 2) 
SPKQD SPKQD SPSQO (Lu. 3) SPSQO (Cal. 3) 
QANQO (Lu. 4) KPNQO (Cal. 4) 
NPQQO (Lu. 5) APGQO (Cal. 5) 
SPTQO (Lu. 6) ASGQO (Cal. 6) 
AAGQO (Lu. 7) A?GQD (Cal. 7) 
-NDFMRF GGNO (Lu.8) GANO (Cal.8) 
SANTKNO {Lu. 9) SVNTKNO (Cal. 9) 
-DNFMRF PON PON PON (Lu. 11) PON (Cal. 11) 
SON SON AGQON (Lu. 12) AAGQDN (Cal. 12) 
PON (Lu. 13) 
AAASDN (Lu. 14) 
other TPAED APPSD (STA)PDRO (Cal. 10) 
APSD AGQOG (Cal 13) 
Number in brackets corresponds to designated nomenclature for L. cuprina 
peptides and C. vomitoria peptides (as described in Duve et al., 1992). 
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Figure 1. Restriction map of genomic DNA containing the L. cuprina 
FMRFamide gene. Positions of exon 1 and exon 2 are shown by shaded 
boxes. Restriction enzymes are abbreviated as follows: Bm - BamHI; Bg 
- BglII; C - Clal; E - EcoRI; H - HindIII; P - Pstl; S - Sall; X - Xhol. 
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-37 TTGA ITATAA Al AC MCT TGTT TGT TCMATC CTGT C CAC AG A C GTT CTM C 
+14 GCATT TMC A CA GTCA ACM GTG TGTC GTT TCCT GTTT TC A TAM AMG A 
+64 MCAC TMC A AA TCGG ATTT TTC ATTT ATA AGTA ACGG AT T TAGT TGAT T 
+114 TGAM TTTA T TT ATM MM AM GTTG CAC CATA ATTT CT A ACGG CTAC T 
+164 GTCAG TCAT T GT CMT GATT TTG TGAT TTG TTTA MM CA A TTGA TTM T 
+214 TTGTT TTGT C TT ATTA MTT ACAATM TTT TTTT GTTT AA A TTTT AGTT T 
+264 TMCA AAGGT GA GTTAGTTG 
Figure 2 Nucleotide sequence of a genomic DNA fragment containing 
exon 1 of the L. cuprina FMRFamide gene. The putative TATA box is 
shown in a shaded box. The proposed exon 1 sequence is underlined and 
the sequence confirmed by cDNA sequence analysis is double 
underlined. The mRNA cap site and splice donor site are shown in 
boldface. 
-14 'rl'TT CCCTTTTTAG 
1 AAACCCCCTC CCCCCTTATC AACTATAAAA CAACTTTGTC A~GCCCCT TCTTAGTATT 
M G p F L V L 
60 ATTCTTGGCC CTACAACTTT GCTATACTCA AACATTAAGT AAAGTCGTAA ACGATCCCCA 
F L A L 0 L C y T G T L s K V V N D p Q 
120 ATATGGCATT AATTCATTAA ACGATAAATT AAACGATTAC ACCCAACTAC TACCGCCAAC 
y G I N s L N D K L N D y T Q L L p p T 
180 ACCCGAATAC TCAAATGAAA ACGAAGAATT TGATGACGAT GACTTCAGCA TAGCCGATAT 
p E y s N E N E E F D D D D F s I A D I 
240 AAACGATGAT GATATACCCT CTATACAAAC GATTGATGAT AAAATGGAAT TAAAATTTCA 
N D D D I p s I Q T I D D K M E L K F H 
300 CAAAAATAAT GCAAAATCTA TGATGAAAAT GAATACGCTG GAGAGTGAGA AAAAGAAATC 
K N N A K s M M K M N T L E s E K K K s 
360 GGTACAGGAT AATTTTATAC GTTTTGGCAA GAGATCATAT GAAGAATTTC CTTTGGTTAA 
V Q D N F I R F G K R s y E E F p L V N 
420 TAGTTTGGAT GAAGGTTTTG GTCTTAAGAA TGCGGGTATG CGTTTAGAGC GTAGCCATCA 
s L D E G F G L K N A G M R L E R s H Q 
I· 480 AACGGCCAGA GATGCTAGAG GTGACAACTT TATGCGTTTT GGCCGATCGG CGAATACGAA 
T A R D A R G D N F M R F G R s A N T K 
540 AAATGATTTT ATGCGTTTTG GCCGAGGTGG TAATGATTTT ATGCGCTTTG GTCGTTCACC 
N D F M R F G R G G N D F M R F G R s p 
600 AACACAAGAT TTTATGCGTT TTGGTCGTGC TGCTGCTAGT GATAATTTTA TGCGTTTCGG 
T Q D F M R F G R A A A s D N F M R F G 
660 TCGTCAAGCT AATCAAGATT TTATGAGATT TGGTCGTGCT GCAGGTCAAG ATTTTATGAG 
R Q A N Q D F M R F G R A A G Q D F M R 
720 ATTCGGTCGT TCTCCCAGTC AAGATTTTAT GAGATTTGGC CGATCTCCCA GTCAAGATTT 
F G R s p s Q D F M R F G R s p s Q D F 
780 CATGAGATTT GGCCGATCTC CCAGTCAAGA TTTCATGAGA TTTGGCCGAT CTCCCAGTCA 
M R F G R s p s Q D F M R F G R s p s Q 
840 AGATTTCATG AGATTCGGTC GTGCTCCCAG CCAAGATTTT ATGAGATTCG GACGTGCCGG 
D F M R F G R A p s Q D F M R F G R A G 
900 TCAAGATAAC TTTATGCGTT TCGGCCGTAA TCCTCAACAA GATTTCATGA GATTTGGTCG 
Q D N F M R F G R N p Q Q D F M R F G R 
960 TACCCCTCAA CAAGATTTCA TGAGATTTGG ACGTAACACA CCCAAAATAC CACAAAATTT 
T p Q Q D F M R F G R N T p K I p Q N F 
1020 TATGCGCTAC AGTAGACCTG ATAATTTTAT GCGTTTCGGA CGTACTCCCC CACAACCTTC 
M R y s R p D N F M R F G R T p p Q p s 
Fig. 3. Continued overleaf 
1080 GGATAATTTC ATACGTTTTG GCAAGAGTAT AGAAAAATCT AACGATAAAA ACTCTTCACA 
D N F I R F G K S I E K S N D K N S S Q 
1140 ACCTCTGTTG GGTAAAAATG AATTGAAACA AGCTGTCAAA CTAATACACG AAGCCGATAA 
P L L G K N E L K Q A V K L I H E A D K 
1200 AAATGCCGAT AATGAAAATC CTGTCGATAA AGTCATCAAA GTACTTTTCG ATAAACATCA 
N A D N E N P V D K A I K V L F D K H Q 
1260 ACAGCAAGAT CAAGATGACA AAGTCCATAG TAATGAGTTA AATTTGGATT CCTCAAATCA 
Q Q D Q D D K V H S N E L N L D S S N Q 
1320 ACATAATGAT AACAACGATA ACACTGAACT AGACTCTGAT TTGGACTACT TCTTGAAAAT 
H N D N N D N T E L D S D L D Y F L K M 
1380 GTCAAAATAA ACTAATATGG ACGGACTTTT GCTAATAACA AAAATATATA TTTTTTGTAA 
S K 
1440 ATACTAAAGA CTTGAGGAAA AAAAAAGTAA AAAAAAACTT GTATATGTGT ATGTAAAGTA 
1500 ATTATAAAAC AATAACAAAA TTATAAAAAA AATAATAAGT AAAATATGTT ATAATAAAAT 
1560 ATATATAAAA AATTAGTGCC ACATCTATTA AAATATTATA AGGTTATGTA CAATGATAGT 
1620 GAATTTTTTA ACAGGGCTGG ATATAAAATT CACTTAAAAC AATATATGTA ATTAAAATTT 
1680 ATTTCGTAGT TACAATTTTA GATAATAAAT GTATTTTTAT 
Figure 3. Nucleotide and deduced amino acid sequence of a genomic DNA 
fragment containing exon 2 of the L. cuprina FMRFamide gene. 
Nucleotides in the intron are shown in bold with a dotted underline, the 
putatative initiator methionine is shown in outlined italics, a putative 
signal peptide is underlined, the proposed FMRFamide peptides are shown 
in boldface, and the proposed polyadenylation signal is shown in boldface 
italics. 
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Figure 4. Northern blot analysis of 5µg poly (A+) selected mRNA 
from first instar larvae, probed with a riboprobe made using a 
1.3 kb Taq I genomic DNA fragment template that spans the 
coding region. Positions of RNA size markers are shown at the 
side of the figure. 
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Figure 5. Nucleotide sequences of regions of homology with D. melanogaster (Dm) and D. virilis (Dv) in exon 1 and in 
the area immediately 5' to the FMRFamide gene of L. cuprina (Le). The L. cuprina sequence is presented in its 
entirety from -944 to +300 relative to the mRNA start site ( + 1, numbers on left). Grey background indicates regions of 
significant nucleotide conservation between D. melanogaster (above sequence) or D. virilis (below sequence). Dots in 
the grey background represent nucleotides identical to those found in the L. cuprina sequence. Bold face numbers (1-
18) correspond to domain nomenclature defined by ·Taghert and Schneider (1990). 'N' denotes new regions of 
nucleotide conservation. 
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Figure 8. Schematic diagrams of (a) FMRFamide immunoreactivity, and (b) FMRFamide prohormone gene 
expression, in the CNS of wandering stage third instar larva, (MNSC, medial neurosecretory cells; PMl, PM2, 
posterior medial cells; ALP, anterior-lateral protocerebrum; DLP, dorso-lateral protocerebrum; tc, tritocerebrum; 
SOG, suboesophageal ganglion, VTNC, ventral thoracic neurosecretory cells). 
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